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effective cross section for loss of charged particles to 
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1. INTRODUCTION 

The instrumentation requirements of an experimenter trying to 
obtain detailed information about the structure of rarefied flow fields are 
increased considerably when the electrical properties of the gas are of im­
portance. There are then at least two additional quantities to contend with : 
the electron-ion number density and the electron temperature, both of which 
exert a direct influence on the transport properties of the charged species. 
It is precisely these quantities that can be inferred from electrostatic probe 
measurement s . 

The Langmuir probe consists, in its basic form, of a small 
conductive sensing element and some associated circuitry. In principle, it 
may be used for making local measurements of two quantities: the electron 
temperature and the electron number density, both of which may be obtained 
from an interpretation of the current drawn by the probe as a function of 
the voltage applied to it. However, to extract this information, the 
response of the probe must be known from theory. Several good reviews of 
Langmuir probe theory and application are available in the literature , 
Loeb (Ref. 1) gives a detailed account of earlier work in this area, and 
de Leeuw (Ref. 2) brings the survey closer to the present. 

For an experimenter with flow studies in mind the salient 
fact which emerges from a literature survey is that, although in recent 
years the theory of stationary electrostatic probes of spherical and cy-
lindrical geometry has reached an admirably high degree of sophistication 
(Refs. 3 - 7, for example) and for the most part gives results in good 
agreement with independent measurements (Ref . 8), our understanding of the 
response of moving probes is on a considerably more primitive footing, avail­
able theories being oversimplified and data from systematic experimentation 
scarce. Fortunately, there are situations where static theory is applicable 
even when the plasma is flowing at high speed, as for example in the case 
of an "infinitely long" cylindrical probe with its axis aligned with the 
flow velocity. This last consideration is a gr.eat incentive for the use of 
cylindrical probes in moving plasrnas rather than for example spherical ones, 
at least when it is possible to employ them in the parallel orientation, 
Flat, disc-shaped probes can be used with confidence only under special 
circumstances, for available theories are applicable to this geo:qJ.etry only 
when the Debye length is very small compared to the disc diameter (i , e. the 
sheath is negligibly thin compared to the disc diameter). For finite Debye 
lengths the disc must be treated as a finite one, and this complicates the 
theoretical approach substantiallY. 

Thus, the long, cylindrical probe appears to be the most 
attractive geometr,y to adopt for application in flowing plasrnas . HOIvever, 
even here it is imperative to understand how the flow influences the probe's 
response when its axis is oriented at anangle to the velocity, for in many 
situations it is not possible to make all measurements with the probe in 
the parallel orientation. The orientatioh of a satellite-borne probe, for 
example, may be changing continually, while in a small scale laborátory 
experiment, i t may be necessary to turn the probe transverse to the flOlv to 
obtain a sufficiently high resolution (this was the case in the experiments 
described in Sec. 6 of this paper). Alternatively, a knowledge of the in­
fluence of the velocity may permit the velocity itself to be determined 
from a comparison of measurements taken with the probe in different orientat­
ions. 
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'I'his paper describes an experimental investigation which had two 
major objectives. The first of these was to make a systematic study of the be­
haviour of free mole-cule, cylindrical Langmuir probes in supersonic plasma flows, 
the idea being to first check the response of parallel probes against recent 
static theory, and then to attempt an experimental calibration of the probes for 
arbitrary orientations with respect to the flow velocity, using the parallel 
orientation as a reference. 

Secondly, the PQTpOSe was to use such free molecule probes for 
making a detailed investigation of the charged particle number density and 
electron temperature distributions in the stagnation region ahead of a flat­
nosed cylinder in supe~sonic, lovl Reynolds number flow. This particular model 
shape was selected largely because it is similar to the geometries commonly 
employed for sounding rockets and stagnation point Langmuir probes. Both the 
last-named devices are diagnostic tools which require a knowledge of the flow 
field in the neighbourhood of the sensing element for the interpretation of the 
data. A rocket-borne ion mass spectrometer, for example, is sensitive to the 
ion flux entering its sampling orifice rather than to the ion number density in 
the free stream, which is the quantity of interest, and an absolute calibration 
of it therefore requires a knowledge of the relationship between those two 
quantitie s . A stagnation point Langmuir probe, usually used under conditions 
vrher e the gas densi ty is so high that free molecule probes are impracticable, 
r elies on essent i ally the same relationship to determine the free stream 
charged partiele number density . 

In the study described in this paper, particular emphasis was 
laid on the experimental determination of the relationship between the flux of 
ions to the wall at the stagnation point of the cylinder (measured independently) 
and the charged particle number density in the external flow (the latter mea­
sured wi.th the free molecule Langmuir probes ). The results were compared with 
high Reynolds number theory. 

All the experiments discussed here were conducted in a highly 
non-equilibrium, cold argon plasma, in which the electron temperature was 
invariably large compared to that of the ions, and chemical reactions were to 
a good approximation frozen. The degree of ionization was of the order of 10-4 
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2. APPLIGATION OF STATIG THEORY FOR GOLLISIONLESS LANGMUIR PROBES 

2.1 Review of Laframboise's Gollisionless Theory for Probes at Rest 

The most realistic collisionless probe theory published to date 
is that of Laframboise (Ref. 4), who has used the mathematical framework of 
Bernstein and Rabinowi tz (Ref. 3) to calculate entire probe characteristics for 
both cylindrical and spherical probes at rest in a two-temperature plasma. 
Laframboise assumes that the plasma consists of two species of charged particles, 
one positive and one negative, each having a Maxwellian velocitydistribution 
with its own characteristic temperature, and that whenever a particle of either 
species strikes the probe surface, it is annihilated and removed from the pro­
blem. Ris calculations are based on the Vlasov equations for the two species, 
coupled by Poisson's equation for the electric field, and the results are 
therefore not expected to be valid unless binary collisions can be ignored and 
t he electric field consistent with Poisson's equation is the dominant influence 
on the motion of the charged particles. 

In the discussion which follows, we shall assume that the posi­
tive particles are singly charged ions and the negative ones are electrons. 
We begin by defining the dimensionless potential difference between the probe 
and the plasma as follows: 

x = p (2.1) 

in which V is the probe potential, Voo is the plasma potential, and kT Ie is 
the electron temperature, in volts. Laframboise's results may be sumffiarized 
as follows: 

For Xp < 0, 

ji ~ I. (~, Rp/rn ' T·/T ) (2.2) en 27T m. . l l e 
l 

ITk 
Xp 

je 
e 

(2.3) en --- e . 27T m 
e 

For X> 0 
T 

e ~ p 

~ Ti 
j. en 

2mn . 
e (2.4) 

l 
l 

je en J kTe I (~, R Irn' T · /T ) (2.5) 2mn e p l e 
e 

where j. and je are the absolute magnitudes of the ion and electron 
l current densities at the probe surface, respectively, 

n is the charged particle number densbty in the undisturbed 
plasma, 
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and 

T. and T are the ion and electron temperatures, respectively, 
1 e 

m. and mare the ion and electron masses 
1 e 

is the ratio of the probe radius to the Debye length, 

is the Boltzmann constant, 

e is the magnitude of the electronic charge, 

I. and I are dimensionless ion and electron currents, calcu-
1 e ( 

À = 
D 

lated by Laframboise both are of order uni ty at 
moderate probe potentials), 

is the Debye length. 

In other words, when the probe is at plasma potential, ~ = 0, 
either species arrives ,at the prQbe surface at a rate given by its randëm 
kinetic flux, në/4 , and when a species is repelled, its flux to the surface 
is reduced from this value by the Boltzmann factor. When it is attracted, on 
the other hand, the situation becomes more complex. Wh en the electrons are 
attracted, their flux increases over the random kinetic value by the factor I , 
calculated by Laframboise. But when the - ~robe is made negative so as to atträct 
ions, the ion flux soon reaches a magnitude of the order en~kT /2 TIm. , which 
is ~T IT. times the random ion flux and may be much larger thanethe latter if 
T »T~. lAgain, I. represents a dimensionless correction factor which emerges 

e 1 1 from t.heory. 

Both I. and I dep end not only on the dimensionless potential 
difference between thê probeeand the plasma, Xp' but also on the properties 
of the plasma through Rp/ÀD and Ti/Te' as well as on the probe geometry. Both 
are generally of order unity at moderate probe potentials. The magnitudes of 
Ii and Ie for cylindrical and spherical probes are given in Ref. 4 for 

So far we have discussed the problem from the viewpoint of 
probe theory, in which one assumes that the plasma properties are given and 
sets out to derive the functional relationship between the probe voltage and 
the electron and ion currents corresponding to these conditions. What we are 
really interested in, however, is the inverse problem: given the probe 
characteristic - that is, the plot of the net current drawn by the probe as 
a function of the voltage applied to it - what information regarding the 
ambient plasma can we infer from it, and how can we best extract this informa­
tion from the characteristic? With this problem in mind, we can make some 
obvious but nevertheless important observations on the nature of a typical 
probe characteristic. What follOl'ls will be said vli th specific reference to a 
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cylindrical probe in a plasma consisting of Ar+ ions and electrons, but the 
remarks have more general validity in a qualitative sense. The theoretical 
characteristic shown on Fig. 2.1 serves as an example. 

(a) For X <-10, the electron current is negligible, and the current 
actually measured . isP the ion current;, i. e. I j I = j .. 

1 

(b) For Xp> -10, both ji and je contribute to the total probe 
current, but they can be separated with reasonable accuracy by extrapolating 
the ion current curve from X < -10 to higher values of Xp' The accuracy of 
the resulting approximation for ji of course deteriorates progressively as 
less negative values of Xp are reached, but the important point is that the 
electron current can be separated very conveniently in this way, for its 

magnitude increases rapidly as X approaches zero and is gen,erally very large 
compared to ji in the region whe~e the approximation for the latter becomes 
uncertain. 

(c) For Xp> -1, Ijl = je to very good accuracy. The fact that 
this is true even for a range of electron repelling probe potentials is a con­
sequence of the great disparity between the electron and ion masses. 

The above observations split the characteristic into three dis­
tinctive regions according to voltage. These may be called the ion current 
region, the electron retarding region, and the electron current region, re­
spectively. We shall see that the electron temperature may be inferred from 
the electron retarding region under a wide range of conditions, while the 
charged particle number density may in principle be estimated from either the 
electron or the ion current regions of the characteristic. 

2.2 Determination of the Electron Temperature 

2.2.1 The Semi-Log Plot Method 

In the previous section it was shown that the electron current 
can be separated from the total probe current in the range -lO<Xn< 0. Now, 
Eq. (2.3) indicates· that in this electron repelling range of prove bias, 

cLenj 
e 

dV 
1 (2.6) 

( k:e
) 

In other words, a plot of ~n j versus V should yield a straight line, the 
slope of which determines the êlectron temperature. Conversely, a linear plot 
of ~n j against the probe voltage may be interpreted as an indication of a 
Maxwellran energy distribution. This method is therefore endowed, with a built­
in check for self-consi~tency. 

2.2.2 The Tangent Method 

A considerably more convenient and rapid - although perhaps 
somewhat less accurate - estimate for T may be obtained by a method which 
involves only the measurement of a voltage difference from the probe character­
istic rather than a laborious semi-log plot of electron current. Recalling 
that j. and j denote absolute magnitudes, we write 

1 e 
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j j. 
. 1 

where j is the total current density, taken by convention to be positive when 
the electron current predominates. Substituting for j from Eq . (2.3), we 
find that e 

kT 
e 

e (2.1) 
.91 + ~ 
dV dV 

Now if we evaluate the right-hand side of Eq.( 2·. 7) at the floating potentiai, 
where by definition the tot"al probe current is zero, and recall that j. de-
creases as V increases ~ we obtain 1 

kT 
e 

e ( 2.8 ) 

If we approximate the ion current at the floating potential by a linear extra­
~olation from the region where the electron current is negligible, the con­
struction shown in Fig.2.2 reveals that Eq. (2.8) becomes simply 

kT 
e 

= a volt 
e 

where 'a' represents the voltage difference between the floating potential and 
the ·intersection point of the ·tangent to the total current curve at V

f 
and the 

extrapolated ion current. 

This method is in principle "j;.he same as the "equivalent resis­
tance" method described by Johnson and Malter (Ref. 9). Although it yields · a 
very quick estimate for kTe/e, it is more prone to error than the semi-log 
plot methodbecause of the necessity for linear extrapolation of a not quite 
linear curve as well as the difficulty of drawing the tangent at the floating 
point accurately. It also lacks the automatic check on the nature of the 
electron energy distribution inherent in the latter. 

2 . 3 Number Density From Electron Current at Plasma Potential 

Since the ion current is negligible when the probe is at the 
local p1asma potential, one should be able to measure the electron current at 
that point directly, and calculate the electron number density from (c.f. Eq. 
(2.3) ) 

n (2.10 ) 

e~ 
e 

(the electron temperature being known independently from the electron retarding 
region of the characteristic) without reference to any probe theory other than 
the simple observation that when the probe is at plasma potential, the charged 
particle flux to it is given by the simple kinetic theory value. 
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Unfortunately, it is of ten difficult to determine the ideal 
electron current at plasma potential from an experimental probe characteristic. 
According to collisionless theory,the plasma potential may be equated ·to that 
value of probe potential at which the electron current breaks away from its 
exponential variation with voltage, i.e. the point at which tn je first de­
viates from its linear variation with probe potential. In many experiments it 
is found that even under ostensibly ideal conditions the experimental electron 
current characteristics are considerably more rounded near plasma potential 
than theory suggests and as aresult the definition of the plasma potential is 
very uncertain. Clayden (Ref. 10), for example, found that the distortion of 
the electron current was particularly severe for probes of cylindrical geometry, 
and the same observation was made in the experiments described in this paper. 
Graf (Ref. 8), who also observed apparently excessive rounding with plane 
probes, although to a less pronounced degree, tried to overcome the consequent 
difficulties in determining the plasma potential by fitting an appropriate 
theoretical electron current curve, taken from Laframboise, over his experi­
mental one so as to match the two at moderately negati ve and posi ti v,e potentials , 
accepting the value of j (0) indicated by the theoretical curve rather than by 
the experimentalone. Eärlier writers, who had no accurate theory for electron 
collec~ion at positive potentials, of ten used the point of intersection of the 
linear extrapolations (on a semilogari thmic plot) of thatpart of the electron 
current where tn je varies linearly with V and the part at positive potentials 
where the curve flattens out (Refs. 10 and 11, for example), arguing in effect 
tnat all rounding is from spurious causes . Laframboise's theory indicates that 
this always leads to an overestimation of je(q) . Graf's method of matching 
appears more satisfactory, but it too is somewhat arbitrary and difficult 
to justify unless the experimental curve matches the theoretical one every-
where except in the immediate vicinity of the plasma potential . 

Another difficulty with this method is often more restrictive 
than the possibility of distortion near the plasma potential, which is by no 
means always observed: the electron current is very large at positive po­
tentials, generally several hundred times larger than the ion saturation current, 
and this may result in the probe acting as an influential part of the system 
as a whole rather than as a mere sensing element . This is a danger to which 
small laboratory systems for producing plasmas are particularly susceptible. 

2.4 Number Density From Ion Current 

In order to determine the charged particle number density from 
the ion current density, which is related to it by Eq. (2.2), an appropriate 
value of Ii must be available from theory. Now, Ii is a function of Rp/ÀD 
and is therefore itself dependent, through ÀD, on the number density we seek 
to establish. An iterative procedure can of course be used to find the value 
of Ii consistent with the experimental condit l ons, but we shall outl ine a 
method which circumvents this laborious procedure. 

Let us first consider the function Ii(Xp, Rp/ÀD' Ti/Te)' avail­
able in numerical form from Ref. 4. To simplify matters, we shall eliminate 
the probe potential as an independent variable by agreeing to make all ioh 
current measurements at the dimensionless probe potential Xp = Xf -10, i.e . at 
10 dimensionless potential units (lOkTe/e volts) below the floatlng potential. 
The floating potential is chosen as the reference point here because it can 
be located without ambiguity and, unlike the plasma potential, is available on 
an experimental characteristic even when the voltage applied to the probe is 

7 



.... - --,. , '" --. .. _ .... __ •.. _ ... _ --.... --- - ----_._-. - -_ ... .. . -

r estricted to electron repelling values. Ten dimensionless units below the 
floating potentia.l is an appropriate voltage because it repre-sents a probe 
potentia.l where the electron current is entirely negligible , but at the same 
time is not too negative, in the sense that a characteristic showing both the 
floating poteqtia.l and the point at 10kTe/e volts below. it will have a 
sufficiently extended voltage scale to all ow an accurate determination of the 
electron temperation. 

Note that the floating potential lies about 5 dimensionless 
units belew plasma-potential for Ar+ ions . Equating the ion and electron 
curr ents given by Eqs. (2.2 ) and (2.3), respectively, we obtain the foll ow­
ing implicit equation f or Xf: 

Xf (me)! e = - I. m. l. 
1: 

On the basis of Laframboise's theoretical values for Ii' Xf was found to have 
values between -4.5 and -5.5 when the ions are atomic argon ions and R /Ào and 
Ti/Te are anywhere in the ranges 0 to 100 and 0 to 1, respectively. TRus, the 
probe potential X = Xf -10 èorresponds to Xp = -15 ~ 0.5. Note also that 
this choice of digensionless probe potential must be recQnsidered when the 
actual voltage of the prob.e relative to the plasma which corresponds to it, 

kT 
V - Voo ""'15 __ e 

e 

is large enough to induce secondary effects. 

Figure 2.3 shows the theoretical dependence of I. (Xf -10) on 
~/ÀD for values of Ti/Te = 0 and 1 . The curves are based on Läframboise ' s 
numeri cal results ~ with the ion mass number assumed to be 40 atomic units 
(although I i is not directly dependent on ion mass, the dimensionless float­
ing potential is). According to Laframboise, the curvés for Ii for inter­
mediate values of Ti/Te can be approximated by linear interpolati on between 
the limits 0 and 1. 

A convenient procedure for determining the charged particle 
number densi ty, n, can be developed as foll ows : first, we note that although 
n . itself cannot be determined without prior knowledge of the value of Ii 
which is consistent with i t, we can eva.luate the product 

j. 
l. 

for kTe/e can be determined as describedin Sec. 2 . 2 and ji can be measured 
from the current- voltage characteristic. Now, from the definition of ÀD , 

n 

8 

,.i 



. . 

. It follows that the quant·i ty 

R 2 

(~, ) I. 
l 

R 2 
--E 
E o ~

m. 
1. 

e 

j. 
l (2.11) 

k T 3/2 

(~) 
can also be evaluated, since all variables on the right hand side can be mea­
sured directly from the probe characteristic. This latter quantity is uniquely 
related to Ii' and we can convert the plot of Ii vs R /ÀD shown on Fig. 2.3 
to a plot of Ii vs (~/"D)2Ii (Fig. 2.4). This last ~igures provides a .. dir.e.ct 
link between the directly measurable quantity (~/"D)2Ii and Ii' and does 
away with the necessity for iterations. 

I 

To recapitulate, the following ~ procedure will be used for de­
termining the charged particle number density from the ion current region of 
a probe characteristic (the numerical data, in MKS units, are appropriate for 
cylindrical probes and atomic argon ions, as are Figs. 2.3 and 2.4): 

(l) Determine kTe/e as described in Sec. 2.2. 

(2) Measure the probe current, J, at 10kTe/e volts below floating 
potential and calculate the current density 

J.(Xf-lO) = J/~R t 
l P 

2 
ampere/m 

where R is the radius of the probe, and t its length. 
p 

(3) Calculate the quantity 

1.83 x 108 . R 2 
p 

Ji(Xf-lO) 

(kr/e )3/
2 

J (Xf-lO) 

(kT /e)3/2 
e 

(2.12) 

(2.13) 

(4) From Fig. 2.4, obtain the appropriate value of I i ( Xf-lO). 

(5) Calculate the ion number density from Eq. (2.2), 

1.01 x 1016 ji (Xf - 10) 
-3 n m (2.14) 

Ii(Xf-lO) ~ 
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2.5 Some Criteria for the Va±idity of Collisionless Theory . 

(1) Rostoker and Rosenbluth (Ref. 12) havedemonstrated that the 
BBGKY hierarchy of equations, which repreS€flts the complete·· de-scription of a 
plasma system, reduces to the Vlasov equation inthe limit wben the number of 
partieles in a Debye cube becomes very large ,_ i. e. n ,,3D ~. oo The plasma. is 
then "rarefied" in the sense that close encounters between partieles are 
negligible in comparison with colleetive phenomena. In other words, one may 
assume that aparticle feels only t he macroscopie force fields, and neglect 
mi.croseopic interactions. 

FOT practical purposes this deseription may be eonsidered 
appropriate when (in ~.KS units) 

T 3 
_e_» 1 
n 

(2) When n ,,3D is large but finite, apartiele moving in the 

(2.15) 

macroscopie force field will find. i ts trajeetory gradually altered by constant 
small-angle defleetions resulting from encounters with other particleso In 
using Vlasov's equation it is ass~~ed that the net effect of sueh defleetions 
on the partiele ' s traj eetory. is smallover the distanee charaeterizing the 
scale of the problem. This criterion takes the usual form, 

" d 
» 1 (2.16) 

where "represents the "mean free path", that i s, the distance an average 
charged partiele travels before its trajectory' is significantly disturbed by 
interactions with ot her partieles, and d the probe diameter. 

The mean free path for encounters between charged partieles 
when n ,,1 is large is evaluated i n Appendi x B. 

(3) The ignoration of the neutral atoms which are generally pre -
sent in a laborator y plasma is justified when the mean free paths for 
collisions between charged and neutral partieles are large compared to the 
probe diameter, 

" chargy-neutral 
d 

» 1 

(4) Since a probe acts as a sink for the charg~d particles it 

(2'017) 

cOl.lects, i t will always be a perturbation in the sense that supply currents 
will be set up in the body of the plasma . These currents can be ignored 
only if the nQmber dens ity and potent i al gradients which their presenee im­
plies are negligible, and if t he currents themselves are negligible eompared 
to the eurrent which maintains the plasma . 

A criterion for the latter requirement cannot be formulated 
without reference to a specific experimental system, but as regards the macro­
scopie gradients set up by the probe currents, it can be shown that for 
spherical probes these are small whenever the charged particle-neutral atom 
mean free paths and the mean free paths for collisions between electrons and 
ions are large compared to the probe di ameter. Thus, this consideration is 
already implicit in criteria (2) and (3). 
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In the case of an ideal cylindrical probe, a similar proof cannot 
be formulated, for the well-known reason that an infinitely long line sink does 
not exist in cylindrical syrnmetry with finite density at r ~oo. However, any 
practical cylindrical probe is of course finite, and from a distance will cause 
a perturbation similar to that of a point sink . Thus, the criterion for small 
macroscopic gradients would be similar to Eq. (2.17), except that the effective 
mean free path would be somewhat reduced from the actual one due to the length 
of the probe (by a factor of about ljtn(tjd) ). 

3. EXPERIMENTAL APPARATUS ANTI INSTRUMENTATION 

3 .1 Description of Experimental Facility 

The general features of the apparatus and instrumentation are 
shown schematically in Fig . 3.1 . In principle, the arrangement is very simple , 
Gas (argon was used exclusively) is passed via a flow meter and control valve 
into the stagnation chamber, where it is ionized by RF induction. From there, 
it expands through either a nozzle or a free jet orifice to supersonic speed 
in the test section and then continues to the surge tank, from where it is re­
moved by continuous pumping. Apart from the exploitation of the superior 
pumping capacity of the UTIAS low density wind tunnel rather than that of the 
(now defunct) interim plasma tunnel, the major difference between the basic 
layout in this and previous studies of steady state plasma flows at UTIAS 
(Refs. 8, 11, 13-14) is that the plasma was produced by RF induction instead 
of by an arc jet. This method was adopted because the arc jet used hitherto 
becomes unstable at mass flows as high as those which were necessary for the 
present experiments. 

A comprehensive view of the apparatus is shown on Fig. 3 , 2 , 
The UTIAS low density wind tunnel was first described in detail by Enkenhus 
(Ref. 15). Basically it is a cylindrical vacuum vessel, three feet in diameter 
and 18 -feet long, from which are suspended nine booster-type oil diffusion 
pumps with a combined volumetric capacity of somewhat over 10,000 lit ers per 
second in the pressure range 0.001 to 0 .070 torr. The boosters are backed by 
two large mechanical pumps which together have a pumping speed of about 460 
liters per second. Originally there was one test section, located near one 
end of the tunnel, but in the past three years the system has undergone a 
considerable metamorphosis : a second test section, has been added in tandem 
with the original one, while a third test section couples via a short cylindri cal 
section ,into the side of the surge tank and a molecular beam experiment taps 
into it from the other side. 

The third test section was built specifically for the experi­
ments which will be described in this paper. It has the shape of a rectangular 
box, 26 inches long, with a cross section of 22 by 22 inches, and is connected 
to the original low density tunnel by a short length of 20" diameter pipe , 
It can be detached from the tunnel at a flange in the connecting pipe and 
rolled out somewhat on rails, so that the main tunnel can be isolated with a 
blind flange and used with any of the other experiments requiring its pumping 
capacity while the test section described here is being prepared for the next 
experiment. 

On one side of the test section is a l arge door with a window, 
glvlng access to the interior, while on the other side, ,on a plate which may be 
removed and replaced with a door or a window, is mounted a two-dimensional 
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traversing gear for Langmuir and pressure probes (Figs.3.3 and 3.4). Another, 
smaller, traversing gear is mounted on the roof of the test section, and 
further access to the interior may be gained through an aperture in the test 
section floor . 

A notable feature of t he larger traversing system is that the 
gear, and in fact the whole driving mechanism, are located outside the tunnel. 
The entire system is mounted on a finely finished panel which slides over an 
O-ring, held in place in a groove in a Teflon sheet, to provide a total of 
15 cm motion parallel to the flow axis. For transverse motion, two tubes 
protruding into the test section through sliding O-ring seals in the panel may 
be movedin and out (over 25 cm) with an external driving mechanism. These 
tubes serve not only as probe suppor ts, but also as leads from pressure probes 
to gauges outside the tunnel. Motion in the transverse direction is controlled 
by a remotely operated dual speed reversible motor; which moves the probes at 
a rate of either 0 .6 or 0.2 cm per second, whereas in the direction parallel 
to the flow axis, the gear had to be moved manually in these tests. Helipot 
10-turn potentiometers are coupled to the traversing gear to provide voltage 
signals proportional to distance in both directions of motion. This facilitated 
greatly the recording of quantities like ion current vs probe position, for 
example, since an x-y storage oscilloscope was available. 

In addition to the two- dimensional motion afforded by the tra­
versing gear aqa whole, Langmuir probes mounted on it can be rotated about a 
vertical axis through more than 900 by external control. 

The second traversing gear, mounted on the roof of the test 
section, allows for a total of 8 cm motion in the direction parallel to the 
flow, in which direction it is driven by a reversible 72 rpm synchronous motor 
at a constant linear speed of 0 .635 mm per second. Whenever it was necessary 
to make an accurate Langmuir probe survey over a very small distance in the 
axial direct ion, as for example a survey of ion current through the shock layer 
ahead of a blunt body, the probe was mounted on this traversing gear , and the 
ion current could then be recorded against time on an oscilloscope as the 
probe advanced, yielding a plot of current vs distance . Whenever necessary, 
the position of the probe could also be read very accurately from a revolution 
counter. This second traversing gear also permits radial motion, but this 
feature was used only to swing the probe into or out of position in the stream. 

A Vycor cylinder ~ six i nches in diameter and 21 inches long, 
serves as the stagnation chamber . The working gas enters this chamber from a 
t inch pipe, but is baffled by a circular plate and then by a fine copper 
screen before it passes into the stagnation chamber proper, where it is ionized 
by RF induction . This is shown in Fig . 3 . 5, which is drawn to scale, although 
details have been omitted. Under typical running conditions (Figs. 3.6 and 
3.7) the stagnation pressure was about 1 torr and the stagnation tempe2ature 
about 6000 K. The Reynolds number based on chamber radius was about 10 , a 
value so low that problems with turbulence would in general not be expected to 
be severe. However, preliminary te sts indicated that without the screen, the 
mass flow had to be restricted to relatively low values to avoid fluctuations 
in the flow. These fluctuations, definitely hydrodynamie in character, were 
visible in the stagnation chamber where the gas was luminous, and showed up 
as relatively low frequency noise on the characteristics of Langmuir probes 
in the test section. With the installation of the fine screen, however,the 
fluctuations appeared only at considerably higher mass flows than when the 
screen was absent. Nevertheless, it was this instability which put an upper 

12 



limit on the usable mass flow, and not the pumping capacity of the tunnel, 
although the situation seemed to be also influenced by other factors,for at 
a given mass flow the- fluctuatiuDs were worse_with the _nozzle than with the 
·free jet... " -

The RF power was supplied from a Philips PH 1412/00 RF oscillator, 
fed by high voltage DC power from the rectifier unit of a 12 KW Philips PH 
1202/17 generator. The latter was modified slightly with the addition of a 
variable transformer at the input; this allowed the output power to be varied 
continuously from zero to maximum. The oscillator was used at a frequency of 
about 10 megacycles ' per seconde The coil used in these experiments consisted 
of four 7.5" diameter turns of til copper tubing, connected in parallel, with 
1.5" separating one turn from the next; it was water cooled. The 
oscillator unit was mounted on rails so that it could be rolled back and 
forth in the direction parallel to the stagnation chamber axis in order to pro­
vide convenient control over the position of the coil with respect to the 
the nozzle throat. Under typical operating conditions, the downstream turn 
of the coil was about 15 to 35 cm upstream of the throat. The stagnation 
chamber itself was air cooled with a standard ten inch fan, mounted above it. 

Early probe studies in this system revealed a noticeable 
oscillation in the plasma potential (not to be confused with the hydrodynamic 
instability mentioned earlier) at a well defined frequency of about 360 
cycles per seconde This was traced to a ripple in the high voltage output of 
the rectifier (such a ripple has a frequency of 360 cps in a full-wave, three­
phase rectifier like the one discussed here), which apparently was transmi tted 
through the oscillator into the plasma . The trouble was overcome with the 
addition of a simple R-C-L filter in the high voltage line between the reci­
fier and the oscillator. 

The one nozzle used in these experiments is shown on Fig. 3.8. 
With an exit Mach number of 2.2, it had a simple conical diverging section with 
a half-angle of 10 degrees and an exit diameter of 6 cm . No attempt was made 
to design this nozzle with fastidious attention to contouring and boundary 
layer growth, mainly because at the time the nozzle was built no information 
was yet available on the temperatures to be expected in, nor in fact the general 
properties of, the RF heated gas in the stagnation chamber, and without this 
data the effort of careful nozzle design could hardly be justified . It was 
decided that a simple conical nozzle would be used for initial tests, and that 
improvements would be made later, if necessary, vlhen data on operating con­
ditions had been obtained. It turned out, however, that this nozzle produced 
a fairly satisfactory flow field when operated in an underexpanded condition, 
although as a result of significant boundary layer growth, the Mach number at 
the exit plane was about 2.2 instead of the 2.5 value one would have expected 
on the basis of one-dimensional isentropic theory. Provisions for water 
cooling the nozzle wall had been . incorporated, but this feature w·as found to 
be unnecessary. 

For tests at higher Mach numbers (M > 4, say) at low densities, 
free jets have decisive advantages over conventional nozzles. The applicati on 
of these jets for wind tunnel testing has been discussed by Sherman (Ref. 16), 
and very useful semi-empirical equations defining the free-jet flow field have 
been given by Ashkenas and Sherman (Ref.17). In our case, the f ree jet proved 
to yield a particularly versatile flow field for studies of Lan~uir probe 
behaviour in high speed flows. Orifices of several sizes were tested, but the 
one which was used in the experiments reported here was a simple, square-edged 
aperture, with a diameter of 5.00 cm, in a 0.175 cm thick plate. 
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3.2 Probes, Models, and Instrumentation 

3.2.1 Pressure Instrumentation and Impact Probes 

The following four pressures were usually recorded in any 
particular run: 

(1) Stagnation pressure. 

(2) Impact pressure (this quantity could be measured at any point 
in the test section within the range of the larger traversing 
gear). 

(3) Nozzle exit pressure, when the nozzle was used. 

(4) Static pressure in the test section. 

The first three were measured with a three-tube oil micromanometer, 
while a McLeod gauge (CVC Type GM 100A) , vapour trapped with liquid nitrogen, 
was used for the static pressure in the test section. Commercial thermocouple 
and cold cathode gauges were also installed, the former for pressure monitoring 
during runs and the latter for measuring the base pressure of the tunnel as 
well as the pressure in the interior of the models and a mass spectrometer. 
The McLeod gauge served as a standard against which all other gauges were c~li­
brated. According to the manufacturer's specificati ons, the accuracy of this 
instrument is better than 1% at pressures above 0.010 torr. 

The bulk of the pressure measurements were made with the micro­
manometer . This instrument is similar to the one described by Enkenhus (Ref. 
15) except for the fact that it is of all-glass construction. It consists of 
three separate manometer tubes arranged so that one end of each i~ connected 
to a common reservoir which is maintained at a pressure below 10- torr by a 
small diffusion pump, while glass stopcocks permit the other ends of the tubes 
to be connected either to the reference reservoir or to the points at which 

{ the pressure is to be measured. The difference in the two levels, which may 
be read accurately by means of an optical system travelling on a micrometer screw, 
then gives an indication of the pressure. In this case, coloured dibutyl phthalate 
was used as the manometer fluid, and by actual calibration against the McLeod 
gauge, one division on the micrometer drum (representing a 0.002 inch differ-
ence in elevation) was found to correspond to 0 .00391 torr. 

All impact pressure probes were of the same geometry and size . 
They were of the thin-lipped type with 100 external chamfer, an I oDo of 0.62 
cm, a ratio of O.D. to I.D. of 1.25, and a ratio of length to outside diameter 
of 26. Except for the lower ratio of length to outside diameter used here, 
these probes were similar to those used by Ashkenas and Sherman (Ref. 17). 
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3.2.2 Langmuir Probes and Associated Circuitry 

Cylindrical Langmuir probes were made by leaving a length of 
tungsten wire to protrude from a tubular Pyrex sheath. The sketch on Fig. 3.9 
illustrates the cOQstruction of a typical probe, while Fig. 3 ,10 shows photo­
graphs of some of the probes used in the experiments. Tungsten wires with 
diameters of 0.025, 0.1, 0.2, and 0.3 mm were obtained in cleaned and straight­
ened form from General Electric. In making a probe, a Pyrex tube about fO\IT 
millimeters in O.D. was first heated over the flame of a small propane torch, 
drawn out, and broken neatly at the narrow neck which resulted. The result was 
a tube, one end of which tapered gradually to a very fine diameter. By a. pro­
cess of repeated trials and examinations under a binocular microscope, one 
fina.lly obtained a tube with its fine end just large enough to allow wire of 
the chosen diameter to be passed through it. This was done, and then, with the 
wire held in place so that it protruded from the glass sheath to the desired 
length, the region near the fine end of the Pyrex tube was placed over a very 
small flame until the glass constricted firmly over the wire and made a 
strong bond. This completed the working end of the probe. The construction 
of the rest of the probe is obvious from the sketch and the photographs . 

The diameter and length of the collecting surface of each probe 
were measured carefully 1Ll1der a Leitz "Or tholux" microscope . This microscope 
was equipped with an eyepiece with graduations and a hairline movable with a 
micrometer screw. With the objective used, the diameter of the small est probe 
(0.025 mm) corresponded to 100 units on the micrometer drum, and therefore -
particu~arly since a number of diameter readings were always taken for a gi ven 
probe - the error in this measurement should in no case be greater than about 
1%. (The units of the micrometer drum were calibrated against a standard scale 
provided by Leitz.) The length of the col1ecting surface, on the other hmld , 
could not be measured in the same way because the range of the micrometer 
eyepiece was not large enough. Instead, a vernier arrangement attached to the 
microscope was used for this purpose. This provided a measurement to within 
0.05 mm, which represents 2% of the length of the shortest probe (2 . 5 mm) . 
Thus, the area of even the smallest probe was measurable to within 3%. 

F'igure 3.11 shows the circuit for sweeping the probe voltage 
and recording the variation of probe current with probe voltage . The vol tage 
was applied either in the form of a sine wave, the amplitude of which could be 
varied manually, or in the form of variable DC. Alternating voltages of 
various frequencies were original1y tried, but a 60 cps signal was se1ected 
1argely because it was conveniently available and slow enough not to produce 
appreciable "hysterisis" effects as a result of line capacitance. The probe 
current was measured as a voltage across the precision resistor R o The re­
sistor of resistance 2R was inserted as shown to balance out from the reading 
that part of the voltage which results from leakage to ground (through the one 
megohm effective resistances across the oscil1oscope inputs) rather than from 
the true probe current itself. Actually, any spurious indication of probe 
current was a.lways eliminated anyway by using for the zero probe current 1ine 
the plot of "cur!'ent" vs probe voltage obtained 1vhen the probe was disconnecte d 
from the circuit at the point where the circuit entered the vacuum system; 
the balance resistor 2R merely served to keep the zero line as horizontal as 
possible. 

The circuit used for plotted the ion current to a probe at 
constant potential against the probe's position was similar to that in Fig. 
3.11, except that the 60 cps oscillator was removed, the point A grounded, 
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and the x-input taken from one of the potentiometer arrangements on the larger 
traversing gear rather than from the probe. As described before, the potentio­
meters provided voltage signals proportional to distance in both axial and 
transverse directions. This made it a simple matter to record a plot of 
current vs position on the x-y storage oscilloscope. When a probe was mount­
ed on the smaller traversing gear, a time base provided a signal proportional 
to displacement, for the carriage was advanced at a constant rate by a 
synchronousmotor. 

At the beginning of each run the probes which were to be used 
were cleaned carefully. This was done, af ter steady running conditions had 
been reached, by moving the probe to be cleaned into the plasma flow and then 
increasing the amplitude of the voltage applied to it until the collecting 
surface glowed red. Measurements with an optical pyrometer indicated that the 
tungsten wire reached a temperature in the neighbourhood of 13000 K during this 
pro·cess. Af ter cleaning, the probe remained in the argon atmosphere through­
out the run and its characteristic was very reproducible. For example, if the 
characteristic was recorded on the storage oscilloscope directly af ter the probe 
had been cleaned, and then again half an hour or so later in the same run, 
the later characteristic would almost always be congruent with the earlier one, 
except possibly for a voltage shift of a fraction of a volt. This speaks also 
for the steadiness of the running conditions once initial drifts had been 
given time to die down. 

The state of cleanliness of the probes is important not only 
because of the possibility that it might influence the quality of the 
characteristic (Ref. 18), but also because it can introduce an error into 
the determination of the true collecting area. It was generally found that 
the cleaning process mentioned was very effective in removing the black de­
posits of oxidation produets left on the tungsten surface af ter the probe 
had been made, and that it led to very reproducible characteristics. However, 
examinations under a microscope af ter runs revealed that there was of ten a 
region of the wire adjacent to the Pyrex sheath which was still dark and not 
clean and shining like the rest of the probe, probably because the glass 
served as a heat sink and prevented the wire very close to it from reaching 
as high a temperature as the rest. This could of ten not be remedied by try­
ing to heat the probe even more, for one was then faced with the danger of 
damaging it (several probes were accidentally vapourized as a result of over­
zealous cleaning). As a result, as much as 10% of the collecting surfaces of 
the smallest probes (0 .025 mm diameter) was of ten found af ter the runs to be 
"unclean'; although the larger probes suffered less in this respect. However, 
on the strength of some experimental evidence to this effect (see Sec. 5 . 7.3), 
it was assumed in all c~lculations in this paper that the entire exposed length 
of the collecting surface of a probe, including any apparently imperfectly 
cleaned part, was effective in collecting charged particles. 

3.2.3 Models 

Two flat-nosed circular cylinders were used as models in the 
stagnation region studies. These were identical in every respect except that 
one had a small orifice in the thin wall at the stagnation point for the mea­
surement of ion flux to the wall, whereas the ot her was instr umented with a 
thermocouple at the same point. The details are shown in Fig. 3.12. 
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It might be appropriate at this point to outline the reasoning 
behind the orifice method for measuring the ion flux to the wallof the 
electrically floating body. Since at the surface of such a body the electron 
and ion fluxes are equal in the steady state, the net current density there is 
zero and the magnitude of the electron-ion flux cannot be measured as current 
unless the tlVO species of charged particles are separated. One way of 
accomplishing a separation ,-rithout disturbing the external flow is to allow 
the charged particles to pass through a very small orifice into the interior 
of the body and then to repel the electrons and to measure the ion flux as a 
current. If the sampling orifice is smaller than the Debye length and the 
mean free path, it should appear to a charged particle in the flow exactly as 
any other part of the wall and, barring losses in the passage from the orifice 
to the collector, the measured ion flux should equal the flux of both electrons 
and ions to the wall in the absence of the orifice. 

The necessity for avoiding losses of ions in the interior made 
it imperative to have the wall at the orifice as thin as possible and to main­
tain the interior of the model at low pressure by constant pumping with a 
diffusion pump. Although some difficulty was encountered in making a suitably 
small orifice, the following method 1tfas found to gi ve the best results: a fine 
spray of abrasive powder* was directed at the thin stagnation point wall from 
the interior (the orifice was prepared before the nose cap was welded onto 
the cylindrical trunk of the model). This spray would gradually cut a crater­
like hole into the metal, and by stopping the process when the tip of the 
crate:r broke through at the other side, one obtained an orifice with almost 
zero effective wall thickness. All this was done under a binocular microscope, 
and a measure of trial and error was of course necessary. The orifice which 
was finally accepted was carefully measured under the Leitz microscope men­
tioned earlier (Fig. 3.12) ; although s lightly oblong in shape, it had an 
effective diameter, based on area , of 0 .140 mm, the measurement of which was 
considered to be accurate to within a few percent. 

The pumping system associated w"ith the model is shown in Fig. 
3 .13. The whole arrangement of model, pump, etc., could be rotated about a 
vertical axis while the tunnel was under vacuum so as to make way for impact 
probe studies of the flow field. The spherical electrode (Fig. 3 .12) in the 
interior served both to repel electrons and to collect ions I"hen biased 
sufficiently negative with respect to the shell of the model. The ion current 
was measured with a Keithley 610B electrometer. 

The other model was instrumented with a chromel-alumel thermo­
couple at its stagnation point. The 0.010 inch diameter thermocouple vdre 
were forced through a small hole in the thin nose wall and attached with a 
tiny dab of silver solder . The protruding ends were ground flush with the 
nose. With the reference junction at room temperature , the thermocouple emf 
was recorded directlyon a Tektronix 564 oscilloscope with a 3A3 differential 
amplifier. A measurement made by exposing the model to boiling water was in 
agreement with an acctITate thermometer to within one percent, which was better 
than the expected measuring accuracy. The thermocouple calibration was t~en 
from Ref. 19. 

* An abrasive unit manufactured by S .S. White was used for this purpose. 
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3.2.4 The Ion Mass Spectrometer 

A miniature ion mass spectrometer was utilized for local identi­
fication of the ion species present in the flow. This instrument, of the 
quadrupole type pioneered by Paul (Ref. 20), was of a compact design which 
rendered it particularly suitable for studying the relatively confined plasma 
flows available in the facility described here. 

The design and operation principles of a quadrupole mass filter 
have been amply documented in Ref. 20. The particular spectrometer used 
here had a field radius of 0.164 cm and a field length of only 3.00 inches. 
It was enclosed in a vacuum envelope with a 1.50 inch diameter flat nose and a 
conical afterbody leading to the pumping system which kept the interior at low 
pressure (the same system was used for this as for the blunt-nosed models). 
This is shown schematically on Fig. 3 .14. The sampling orifice, 0.015 inches 
in diameter, was located in the thin wall at the centre of the flat nose. 

The principles of operation of a quadrupole mass filter may be 
outlined briefly as follows. Charged particles enter through the sampling 
orifice into the evacuated interior of the instrument, where they are accelerat­
ed by a DC electric field. The portion near the axis of the resulting beam 
then passes through a collimating orifice into t he quadrupole field region. 
Now, the geometry of the quadrupole electrodes and the combination of DC and 
RF potentials applied to them (no magnetic fields are used) are such that a 
charged particle which has entered the f ield region can remain in stable mot ion 
only if it possesses a charge to mass ratio within limits chosen by the 
experimenter. The stable particles are able to traverse the field region and 
reach the collector, which records their arri val as a current-" , whereas the 
unstable ones are either ejected from the field region or lost by collision 
with the electrodes. As the range of stable masses can be made arbitrarily 
small, the system serves as a convenient mass filter. 

3.2.5 Measurement of Gas Temperature 

The stagnation temperature w'as inferred from a comparison of the 
stagnation pressure with the RF on and with the gas at room temperature, with 
the mass flow held at the same value for both measurements. With critical 
flow at the throat, the mass flow, w, is given in terms of the stagnation 
pressure, P , and the stagnation temperature, T , by the equation 

o 0 

w 
P 

o 

"fT 
o 

(3.1) 

where Cd is the discharge coefficient, defined as the ratio of the measured 
to the ideal one dimensional mass flow, and A* is the throat area. It 
follows that if the mass flow remains constant and the dis charge coefficient 
does not change as the stagnation temperature is decreased from its value 
under operating conditions to room temperature, then 

~ . l ,.l .... 
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(3.2) 

This yields a stagnation temperature appropriate to some average temperature 
over the throat cross-section. The assumption that Cd did not change appre­
ciably received some confirmation from measurements of Mach number at the 
nozzle exit plane. Since a discharge coefficient different from unit reflects 
a boundary layer displacement effect, a change in Cd should in the case of a 
nozzle manifest itself as a change in the exit plane Mach number. However, 
under typical operating conditions practically no systematic change in 
exit Mach number ,,,as observed when the stagnation temperature was decreased 
to room temperature. For a free jet orifice, boundary layer effects are 
generally substantially lower than for a nozzle at similar throat Reynolds 
numbers, particularly if the orifice is in a thin plane as in this case. 
According to Ref. 17, the effect of boundary layer displacement at the throat 
should be insignificant for throat Reynolds numbers (based on throat diameter) 
over 100 Yfith the present orifice configuration. 

The statie temperature was calculated from To on the assumption 
that the flow from the stagnation chamber to the test region was isentropic, 
af ter this assumption had received ample support from pressure and Langmuir 
probe surveys (see Sec. 4) . 

4. EXPERIMENTAL FLOW FIELDS 

4.1 The Free Jet 

4.1.1 Theory 

The free jet has in recent years been adopted for a variety of 
appl i cations requiring high Mach number, low density flows, and the flow field 
itself is by now reasonably well understood . Reference 17, for example, gives 
a semi-empirical calibration of the free jet flow field for several orifice 
shapes and a wide range of throat Reynolds numbers . 

The term "free jet" is applied to the unconstrained expansion of 
a gas from a s ::mic orifice into a low pressure chamber. If we examine such a 
flow some distance downstream of the orifice, we find that it consists of a 
barrel-shaped shock structure, inside which there is a region of isentropic 
flow exhibiting properties very similar to the adiabatic expansion from a 
"point souree" . For a ga's with a given ratio of specific heats, the shape and 
size of the barrel shock and the axial location of the Mach disc, which ter­
minates the shock structure on its downstream end, relative to the orifice 
are determined by the pressure ratio across the orifice, whereas the Mach number 
distribution in the isentropic flow field in the interior depends only on the 
orifice diameter (except for a modest dependence near the exit plane on the 
orifice's entry section and on viscous effects at sufficiently low throat 
Reynolds numbers). In this sense the behaviour of a free jet core is analogous 
to that of a conventional nozzle, where the Mach number distribution 

is determined by the area ratio. The important difference betvleen the 
two, and the one which makes the free jet the more attractive configuration 
for high Mach number ,low density testing, is that the latter remains free of 
viscous effects to a much lower throat Reynolds number than a nozzle. On the 
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other hand, there are always axial gradients in a free jet which can in principle 
be eliminated in a nozzle by proper contouring . 

In Ref. 17, Ashkenas and Sherman give the following equation 
for the centreline Mach number distribution in a free jet, valid for a gas 
with , = 5/3 at distances more than one orifice diameter downstream of the 
exit plane: 

where D 
Z 

A 
C 

Z /D o 

M A 
~ (~~i) + C 
~>':'-~-,-l- 3 ( ,-1) 

A (~Zo) - ( Z~Zo) 
orifice diameter 
distance downstream of orifice exit plane 
3.26 
0.31 
0 .075 

(4.1) 

This profile is shown on Fig. 4.1. The constants A and C in Eq. (4.1) were 
chosen so as to match the equation as closely as possible to an available 
computer solution based on the method of characteristics. Experimental evi­
dence suggested, however, that a better result was obtained by replacing D 
with an effective diameter Deff' the magnitude of which deviates somewhat 
from D, depending on the shape of the orifice and the throat Reynolds number 
when viscous effects become important. Details are given in Ref. 17. For a 
square-edged orifice similar to the one used in the tests described here, 
Deff/D does not deviate appreciably from unity for throat Reynolds numbers 
(based on D) over about 80. 

In the absence of dissipative effects in the core itself, 
Eq. (4.1) is valid for 

where ZM denotes the axial location of the Mach disc, given for po/Ptest chamber 
greater than 15 by the empirical relation (Ref. 17) 

ZM ~o D = 0.67 · P 
tc 

(4.2) 

4.1.2 Experiment 

The free jet was used mainly for studies of Langmuir probe 
behaviour (Sec. 5), where particularly low densities were required to maintain 
all probes under free molecule conditions. Stagnation temperatures and 
pressures are listed for some of those tests in Table 5.2. Argon was used 
as the working gas in all cases. The lowest value of Re*, the Reynolds num­
ber based on orifice diameter and sonic conditions at the throat -, was about 
190. Viscous effects resulting from boundary layer growth at the orifice 
should therefore have been very small (Ref. 17). On the other hand, the shock 
waves forming the sides and bot tom of the barrel structure are expected to be 
quite diffuse under such conditions. 

The flow was surveyed with pitot and Langmuir probes, the idea 
being to establish whether a usable region of near-isentropic flow remained 
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in the core. A first approximation for the Mach number was determined fr om 
Pi/Po on the assumption that the flow was isentropic (viscous corrections, 
based on the data of Ref. 17, were applied to the pitot probe readings whenever 
necessary). Here, Pi represents the measured impact pressure and Po the 
pressure in the stagnation chamber. If it was then found that the resulting 
centre line Mach number profile agreed reasonably well with theory (Fig. 4.1), 
the assumption of isentropic flow was considered justified. The data in Fig. 
4.1 were taken in a run in which the full pumping capacity of the tunnel was 
deliberately not used in order to keep the Mach disc which terminates the 
barrel shock sufficiently close to the orifice to be in range of the impact 
probe. 'rhe agreement between experiment and theory is reasonably good up to 
the "kink" in the profile; this latter was assumed in Ref. 17 to define the 
position of the Mach disco 

The Langmuir probe itself proved to be a very useful instrument 
for investigating the flow field. Aftel' initial point by point surveys had 
established that the electron temperature was practically constant over the 
region of interest (30000 K is a representative value) and that recombination 
was negligible, ~he following method was adopted for making quick estimates 
of the spatial variations of charged partiele number density in the jet as 
well as for locating the boundaries of the isentropic core. With the probe 
biased at a fixed potential sufficiently negati ve wi th respect to the plasma 
to be well in the ion current region of the probe characteristic, axial and 
radial traverses of ion current through the jet were recorded. As explained 
in Sec. 3.1, this could be done rapidly and conveniently on the x-y oscillo­
scope, the yinput being the current and x input the signal from one of the 
positions indicating potentiometers coupled to the traversing gear. An exact 
interpretation of such surveys in terms of number density is discussed in 
Sec. 6 .2. At this point, it suffices to say that if the electron temperature 
is uniform and variations in plasma potential are not too severe over the 
region surveyed, then the ion current profile taken with a cylindrical probe 
parallel to the flow i s qua.litiatively similar to the profile of charged 
partiele number density. 

Figure 4.2 shows a centre line impact pressure survey and a 
corresponding ion current profile covering the region of the Mach disco Again, 
onlya fraction of the tunnel's total pumping capacity was employed so as to 
have the Mach disc sufficiently far upstream. Radial profiles of ion current 
and impact pressure in the same run are shown in Fig. 4._3. The ion current 
surveys were taken with a 0.265 cm long cylindrical Langmuil' probe with its 
axis aligned with that of the flow. The impact pressure was also measlITed with 
the probe parallel to the flow axis, and was not corrected for viscous and yaw 
effects . 

The first thing "'Te note is that substantial species concentra­
tion gradients must exist in the flow field, for the shock structure indicated 
by the ion current is considerably more diffuse than that shown by the Pi 
profiles. In fact, the concentration gradients apparently penetrate into the 
core of the flow even where the gas as a whole (the degree of ionization was 
only of the order 10-4) should still be to a good approximation isentropic. 
The neutral atom mean free path just upstream of the Mach disc was about t cm 
in the particular run pictured in Fig. 4.2. Assuming that the structure of 

. " 
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the Mach disc is similar to that of a normal shock, its thickness should have 
been no more than about 1.5 cm, or O.3D (Ref. 21). The charged particle number 
density distribution, on the other hand, extended over a considerably greater 
distance. The reason for this appears to be severe upstream diffusion from 
both the Mach disc as well as the shock forming the sides of the "barrel". 
This phenomenon is demonstrated under different circumstances in Sec. 6, 
and is discussed with reference to theory in Sec. 6.5. It is shown there 
that, irrespective of pressure level, marked separation of the species may be 
expected whenever the electron temperature is very large compared to that of 
the ions. 

It is evident from this example that if the gas is ionized the 
Langmuir probe is an indispensable tool v/hen it comes to locating the optimum 
position for testing in a free jet. In Ref. 17, a position just upstream of 
the Mach disc was recommended as the most desirable from the point of view of 
minimum gradients. In a situation like the present, on the other hand, 
special consideration must be given to the charged particle distribution. 
For example, a location at z/D = 2.7, say, would be considered acceptable on 
the basis of the Pi surveys of Figs. 4.2 and 4.3, but is in fact unacceptable 
for tests where charged particle properties are important, for the core has 
already been entirely "filled" by diffusion at that station. 

Figure 4.4 shows radial profiles of ion current under conditions 
more representative of the experiments described in Sec. 5. Traverses with the 
probe both parallel and perpendicular to the flow axis are shown, and we ob­
serve how the orientation relative to the flow velocity becomes significant 
as .soon as the probe moves into the region of high speed flow. 

We note lastly that the plasma potential in the test section 
was usually only a few volts above ground, in contradistinction with the 
large potential differences reported in Ref. 22 for an RF system in an 
insulated vessel. Although the initial discharge did take place in an insulated 
chamber, the potentialof the decaying plasma adjusted itself to a diffusion 
controlled level somew"hat positive to the grounded metal parts (i. e. ei ther 
the nozzle or the plate with the free jet orifice) with which it established 
contact prior to expanding into the test section. 

4.2 The Mach 2.2 Nozzle 

The nozzle was employed primarily for the experiments reported 
in Sec. 6, where a flow of higher density and greater uniformity was required 
than that available in the free jet. The nozzle itself was described in Sec. 
3.1. As a result of its simple conical diverging section, it had to be operated 
in an underexpanded condition to avoid compression zones near the exit plane. 
For example, in balanced operation Langmuir probe surveys indicated that a 
diffuse but nevertheless prominent compression zone was present only three 
centimeters downstream of the exit plane. On the other hand, when the test 
chamber pressure was decreased to half the value of the exit pressure, this 
compression region moved far downstream and was entirely outside the region 
employed for testing. This is illustrated in Fig. 4.5(a), which shows the 
centre line ion current profile in a run where Pe ~ 2Ptc' It is evident 
that af ter emerging from the conical nozzle the gas expands for about 7 cm, 
but thereafter enters a compression zone, the beginning of which is indicated 
clearly by an increase in the ion current. 
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The center line Mach number (Fig. 4.5(b)) was calculated from 
Pi/Po on the assumption that the core of the flow upstream of the recom­
pression zone was isentropic. This assumption received support from the 
fa ct that the ratio Pe/po, where Pe is the static pressure measured at the 
nozzle exit plane,yielded a Mach number compatible with the value of the 
center line Mach number obtained from Pi/Po. The determination of the radial 
Mach number distribution (Fig. 4.6) was based on the ratio PijP, where P was 
taken as a constant across the flow at the value of the statie pressure 
appropriate to the centre line Mach number and the stagnation pressure. 

An interesting feature of the flow was that although the Mach 
number profile near the exit plane had a sizable flat core, the radial 
charged partiele number density profile had already taken on a characteristic 
diffusion profile over the entire cross section (Fig. 4.6). This is not 
unexpected, for the electron-ion boundary layer is thicker than that of the 
gas as a whole whenever the electron temperature is substantially larger 
than that of the ions, as was the case here. This same phenomenon is evident 
in a different context in the experiments described in Sec. 6, as well as 
the the6retical analysis in Appendix C. 

4.3 Identification of the Ion Species 

The identity of the ion species is of direct importance in 
both the interpretation of Langmuir probe measurements and the calculation 
of diffusion fluxes. It is well known that either atomie or molecular ions, 
or both, may be present in a decaying noble gas plasma. On the other hand, 
the conditions under which a given species predominates are not sufficiently 
well understood to allow a quantitative prediction of the ion composition to 
be made in the present experiments. For this reason it was of importance to 
determine the relative abundance of the ion species by direct measurement. 

Ion mass spectra were obtained in the nozzle flow with the 
small quadrupole mass filter described in Sec. 3.2.4. The instrument was 
mounted with its sampling orifice on the centre line 7.5 cm downstream of 
the nozzle exit plane, as shown in Fig. 3.14. At this station the flow had 
lost its "flat" core, but was still reasonably supersonic over the 1.5 inch dia­
meter of the spectrometer nose; this was attested to by the observation of a 
distinct luminous shock layer ahead of the nose under operating conditions. 
The situation was therefore very similar to that studied in Sec. 6, with 
the charged particles arriving at the sampling orifice by ambipolar diffusion 
through the boundary layer at the stagnation point. 

A series of runs covering typical operating conditions revealed 
only one species of ion in the flow: the atomic argon ion, Ar+. There was 
no evidence of the molecular ion, Ar 2+ , or the doubly ionized atomic ion. 
If these were present their concentrations were less than a few percent of 
that of Ar+. The measurements covered the mass range 0 < M/Z < 90, where M 
is the ion mass in atomic units and Z is the number of electronic charges it 
carries. A resolving power M/6M of about 18 was used, 6M being the half-width 
of the mass peak. The stagnation pressure Po ranged from about 0.8 to 1 .3 
torr, To from 450 to 750oK, and the downstream side of the region of RF 
excitation in the stagnation chamber was about 15 to 35 cm upstream of the 
nozzle throat. 
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4.4 Volume Recombination 

The magnitude of the recombination coefficient was estimated 
in these tests by measuring the rate at which the ion concentration, 
c = mini/p ~ ni/n, decreased along the stream centre line. The value of ni 
was calculated from ion current data according to the method which will be 
outlined in Sec. 6.2.1 (a parallel probe was used so as to simulate static 
conditions) and the overall gas density p ~ min was determined from the 
Mach number and the stagnation conditions. A typical profile is shown on 
Fig. 4.7. 

In the absence of both recombination and diffusion, the ion 
concentration would remain constant. In general, however, the distribution 
of c in a steady state flow field is governed by the conservation equation 

2 
P:i . Vc = - a n. 

l 
v . (n .V ) 

l-

where v is the barycentric velocity of the gas, V the diffusion velo city of 
the ions relative to the gas as a whoIe, and a the recombination coefficient. 
We have assumed here that the rate at which ions are lost from unit volume 
through recombination is given by ani2. When the barycentric velocity is in 
the axial direction and cylindrical symmetry obtains, the above equation re­
duces to 

(J 'c 
P u ~ (n.V ) 

l Z 

In the nozzle flow field to which Fig. 4.7 applies the diffusion 
terms represent a net loss of ions from the region near the axis. An upper 
limit for the value of a can therefore be obtained by neglecting the last two 
terms on the right hand side. The solution is then 

c 1 
c 1 + a n. u z 

o lO 

where the subscript (0) denotes conditions at z 

and 

This implies that 

n. 
lO 

u 

2.0 x 1012 cm- 3 

~ 7.2 -1 
cm sec 

cic ~ 0.9 for z = 3 .0 cm o 

-1 
sec 

O. Fig. 4.7, 

The actual value of a was probably much smaller than the upper limit given 
above, for an estimate of the magnitudes of the diffusion terms showed that 
the entire observed decrease in the ion concentration could have been account­
ed for by diffusion alone. Such a low recombination coefficient indicates 
that dissociative recombination (Refs. 23 and 24 , for example) could not have 
been the predominant process. This is not unexpected, in view of the fact 
that no molecular argon ions were found. Our magnitude of a is more in line 
with that for collisional-radiative recombination and is consistent with 
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earl ier measurements under similar conditions of electron temperature and 
charged partiele number density (Ref. 25). 

At any rate, it is clear that the flow was to a very good 
approximation frozen in these experiments as far as recombination was con­
cerned. The electron number density was in fact higher, and the recombina­
tion therefore should have been more severe, in the run used for illustration 
in Fig. 4.7 than in most other experiments. 

5. EXPERIMENTAL STUDY OF FREE MOLECULE LANGMUIR PROBES IN PLASMA FLOWS 

5.1 Introductory Comments and Experimental Method 

The purpose of the experiments described in this section was 
to make a careful study of the behaviour of collisionless Langmuir probes in 
flowing plasmas, in preparation for their use as diagnostic tools in super­
sonic flows. 

All experiments were conducted in the. free jet flow field des­
cribed in Sec. 4.1, with as many as three Langmuir probes mounted simultaneously 
in the test region for the purposes of comparison. When three probes were 
used, for example, they were arranged as shown in Figs. 3.4 and 3 .10(b), wi t h 
one probe on the stream centre line and the other two about 1 cm above and 
below it, respectively. All three could be rotated in unison about a common 
vertical axis passing through their geometrie centers. At the axial position 
chosen for most runs (z/D = 2. 6 ) the flow was reasonably uniform over a 
region within 2 . 7 cm of the axis (c.f . Fig~ . 4.4) and all probes were therefore 
always exposed to flow conditions which were identical within a few percent . 
However, the gradients in the axial direction were not entirely negligible 
over a distance of one centimeter, which represents the length of the longest 
probe used; the electron number density decreased by almost 15% in this dis­
tance. Nevertheless, the average effect of this gradient should have been 
small because the geometrie centres of all three probes were located at the 
same axial station. 

Argon was used exclusively as the working gas, and the charged 
species in the test region were identified as electrons and singly charged 
atomie argon ions (see Sec. 4.3). Table 5.1 shows the results from a series 
of experiments on the collection of ions by probes of various diameters under 
a range of flow conditions . Readings were taken with the probe axes parallel 
and perpendicular to the flow velocity in this series of tests, one probe being 
used at a time while the others floated electrically. The parameters defining 
the flow conditions for the various runs are listed in Table 5.2, and Table 
5.3 identifies the dimensions of the probes used. Section 2 outline s the 
manner in which all probe characteri stics were interpreted. The results are 
discussed fully in the following separate subsections. 

An important consideration in any experiment is the problem 
of charged partiele depletion by the probe . In a steady state frozen flow 
of the sort used here, the charged partieles arrive at the test region by a 
process of convection from the stagnation chamber where they are created. 
When a probe is placed in the flow, it acts as a sink for the ions and/or 
electrons and disturbs the flow, not only because of the resulting loss of 
charged partieles, but also because, except in the special case when no current 
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is drawn, it tends to cause a charge imbalance which results in a current 
being set up in the plasma between the probe and the other parts of the system 
remote from it. Unless care is taken, these effects may be so strong as to 
make the probe an important part of the system as a whole, rather than a mere 
sensing element. One way of ensuring that a probe does not disturb the flow 
appreciably is to make it so small in comparison to the region being probed, 
that the rate at which it consumes ions and/or electrons is negligible compared 
to the rate at which the charged particles cross a significant area of that 
region. This may best be expressed by defining an effective "cross-section" 
for the probe, Aeff say, which represents the area of the free stream being 
effectively depleted of the species of charged particles collected by the 
probe. For example, if the probe draws a total current Jp , its cross section 
Aeff would be defined by 

J p = e ne u Aeff 

where n is the electron number density in the free stream and u is the free 
stream flow speed. Let us write 

J = A .en,J kT /27TID .. I P pee ~ p 

where Ap represents the probe area and lp is a dimensionless current which 
is of order unity when ions are collected and of order ,J mi/me when electrons 
are collected. Also, since in the central core of the free jet expansion 
the flow is approximately isentropic dmm to the test reg ion upstream of the 
Mach disc, we can express u in terms of ~he Mach number and the stagnation 
temperature. For y = 5/3, 

.J5RT o 
u 

Combining the above expressions, we find that 

(5.4 ) 

lt is worthwhile to note that the severity of the depletion 
caused by the probe is independent of the electron number density level. 
Typical running conditions for these tests may be represented by M2» 1 
and Te/To ~ 4, say. When a probe draws ions, lp ~ 5, whereas the electron 
current part of the probe characteristic involves values of lp about 100 
times larger. With these values, a comparison of the effective "cross­
sections" for the smallest and largest probes used (e . g. probes 11 and 15 , 
respectively, in Table 5.3) with the area of the 5.4 cm diameter uniform 
flow region yields the following results: 
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ion current electron current 

Smallest probe 2 x 10-4 

Largest probe 0.8 x 10-2 0.8 

It is evident that for any probe except the smallest, the loss of particles 
from the flow is prohibitive when electrons are collected. The two percent 
depletion for the smallest probe size may still be cons1dered acceptable, but 
the next largest probe (e.g. probe 16) would already cause a depletion of 
about 25%, while the largest probe would consume practically all electrons in 
the uniform part of the incident flow. 

For this reason, attention was confined to the ion current 
region of the probe characteristics. The voltage sweep applied to the probes 
was limited so that the electron current never reached values much larger than 
the ion current, nevertheless including a sufficient portion of the electron 
retarding region of the probe characteristic to allow the electron tempera­

ture to be determined by the usual semi-log plot method. 

We note lastly that although the original purpose of these tests 
was to study the behaviour of probes under free molecule conditions, it was 
found (see Sec. 5.7.2) that the criteria for such conditions were not satis­
fied in all respects: the ion-ion mean free path, as defined by Spitzer's 
self-collision time, was small compared to the probe diameter. The term 
"free molecule" is nevertheless applied since all other mean free paths were 
generally large compared to the probe diameter, including the ion-atom and 
electron-atom mean free paths which are usually assumed to determine whether 
particle collection is collislon. free or not. The peculiarities which may 
result from the small ion-ion mean free path are discussed in Sec. 5.8. 

5.2 On the Absence of a Length Effect 

As probe theory is a complex enough subject even for the sim­
plest geometries, it is understandable that all available analyses begin with 
the assumption that a cylindrical probe is infinitely long. In practice 
one simulates infinite length by making the length to diameter ratio of the 
probe sufficiently large for end effects to be negligible. However, the 
question of how low an $/d ratio can be tolerated before end effects begin 
to exert a significant influence must be answered by experiment. This point 
is of considerable interest to the experimenter, who, being usually con­
cerned with small systems, finds it desirable to keep the probes as smal 1 , 
and therefore as short, as possible, both to avoid excessive particle deple­
tion and to have good spatial resolution. 

Most probes in the experiments described in this paper had 
length to diameter ratios near 100. In order to ascertain whether they were 
subject to end effects, some tests were run in which three probes having equal 
0.025 mm diameters but length to diameter ratios of 99, 218 and 430, 
respectively, were compared with each other. Altogether three runs were made, 
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with plasma conditions defined by (Rp/ÀD)2 Ii(Xf - 10) values* of 5.3, 7.0 
and 16.8, respectively, based on measurements with the probe axes parallel 
to the flow velocity. These values lie near the lower end of the Rp/ÀD 
spectrum covered in the experiments reported here and should therefore repre­
sent the most likely conditions for end effects to occur. 

However, in no case was a length effect detected, either with 
the probe oriented parallel to the flow velocity or at an angle to it . 
This is illustrated in Fig. 5.1, which shows the values of ji(Xf -10) mea­
sured with the different probes, plotted against the length to diameter ratio, 
each current value normalized by the average value for that run and that probe 
orientation. The points in the figure represent the average values, and the 
error bars the absolute scatter in the measurements from all three runs. No 
systematic deviation from unity can be observed. The measurement of electron 
temperature was likewise independent of probe length. 

We can conclude, therefore, that even for the smalle st value of " 
probe radius to Debye length encountered in these experiments, a probe with 
a t/d ratio of about 100 behaves as if it were infinitely long. The author 
undertook no systematic experimentation to actually determine the minimum 
acceptable length to diameter ratio, but reference may be made to some measure­
ments by Clayden (Ref. 26), which indicated that there is no change in the ion 
current per unit length measured by a cylindrical probe as the t/d ratio was 
decreased to as low a value as 30. In his measurements, the lowest value of 
(Rp/ÀD}2 Ii (Xf -10~ investigated appears to have been about 150. This result 
is of importance here because in some tests probes with length to diameter 
ratios of 50 and 34 were used in addition to those with the usual value of 
100, and Clayden's results confirm that these probes, too, should not have 
been influenced by end effects. 

5.3 Experimental Curve of the Variation of Ion Current With the Ratio of 
Probe Radius to Debye Length 

An important consequence of the foregoing result that the cy­
lindrical probes respond as if they Ivere infinitely long is that a probe with 
its axis aligned with the flow should in no way be sensitive to the flow 
speed, but should behave as if it were in a stationary plasma . This is the 
great advantage of using cylindrical probes for studying flowing plasmas, for 
the theories available for static probes are far more advanced and reliable 
than the analyses for moving probes. This section describes how parallel 
probes were used in a bootstrap technique to obtain an experimental curve of 
Ii(Xf -10) versus (Rp/ÀD) 2 Ii(Xf-10) for the case Ti/Te «1**. As discussed 
in Sec. 2.4, such a curve forms the backbone of the method of inferring the 
electron number density from ion current measurements. 

A series of runs was made in which two or three probes of 
different diameters were placed simultaneously in the free jet flow field. 
From the current-voltage characteristic of each probe, the electron tempera­
ture was determined by the semi-log plot method and the ion current density 
measured at XT -10. These two quantities were used in Eqs. (2.13) and (2.14) 
to evaluate the products (Rp/ÀD)2 Ii(Xf -10 ) and ni1i(Xf -10) for each probe. 
In this way three values of Di Ii were found for three different values of 

* See Sec. 2.4 for definition of terminology. 
** 0.01 < Ti/Te < 0.1. See Table 5.2. 
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(~/ÀD)2Ii' Since the plasma conditions for three probes were the same, i.e , 
ni was the same, it was possible to determine the magnitude of Ii for each of 
the probes rel&tive to an arbitrary reference, which we shall denote by Iref. 
The three ratios so obtained defined, as it were, part of an experimental 
curve of Ii/lref versus (Rp/ÀD)2Ii' 

Next, the experiment was repeated at a · different plasma 
density by adjusting the r.f. source in such a way that a new set of 
(R~/ÀD)2Ii values were obtained, shifted slightly from the previous values but 
stlll overlapping with them . As before, the relative magnitudes of the 
corresponding Ii values could be established . However, the overlap wi th the 
previous triplet of points allowed the magnitudes of the second triplet of I i 
values to be fixed also with respect to Iref' giving three additional poi nts 
on the curve. Continuing in this manner, an experimental curve of Ii/lref 
versus (Rp/ÀD)2Ii was obtained over the range 7 < (Rp/ÀD)2Ii < 4000, which 
was as large a variation of the latter quantity as experimental conditions 
permitted. 

Of course, a "bootstrap" technique like this cannot yield an 
absolute comparison with theory unless the arbitrarily chosen reference value 
can be evaluated by means of an independent measurement of electron 
number density. Although no method for doing this was available in these 
experiments, the magnitude of Iref could still be fixed indirectl~ by referri ng 
to the measurements of Graf (Ref , 8), who showed that for (Rp/ÀD) Ii values 
in the range 230 to 3500,* a cylindrical Langmuir probe indi cated an electron 
number densi ty in close agreement wi th microwave measurements i f Laframboise' s 
theory for ion collection was used as the basis of interpretation . The con­
ditions under which Graf carried out his comparison differed from those 
discussed here in two major respects: first, he studied a low spee d subsonic 
plasma flow rather than a hypersonic flow; and secondly, Ti/Te was in the 
neighbourhood of 1/3 rather than close to zero as in these tests . However , 
if we presume that a long probe aligned with the flow velocity simulat es statie 
conditions, then the first difference is in effect removed . Furthermore, 
since Graf's results for Ti/Te ~ 1/3 agreed with Laframboise's theory for that 
value, it is reasonable to assume that the presents results should agree with 
the theory for Ti/Te~O (the theory is in fact rather i nsensitive to the 
temperature ratio). It should be noted that in Graf's experiments also, all 
mean free paths were large compared to the probe diameter except the ion-ion 
mean free path~ In this respect, his conditions were similar to the ones i n 
the present tests. However, the actual value of the ion mean free path r elative 
to the probe diameter was about ± in his experiments , whereas it was usual l y 
considerably smaller than this in the present ones. Since Graf's results 
nevertheless agree with Laframboise ' s theory , it was assumed as a worki ng 
hypothesis that the same was true in the present experiments in the range of 
(Rp/ÀD}2Ii covered by Graf, and therefore the value of Iref was adjusted so 
as to bring the experimental curve into agreement with theory in that range. 

Figure 5.2 shows the results of manipulating the experimental 
data in the manner described (the results are also listed in Table 5 .1 ( a ) ), 
This plot may be interpreted as an empirical curve for Ii(Xf - 10) in terms 
of (Rp/ÀD)2Ii(Xf - 10). 

* 
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The empirical curve matches the theoretical one closely for 
the higher values of (Rp/ÀD)2Ii, but deviates from it sharply when R~/ÀD 
decreases below the limit at which the ion current should become orbltal 
motion limited. Instead of reaching a constant value as theory predicts, 
Ij. (Xf -10) apparently continues to increase · as Rp/ÀD is decrea&ed below 
this point. As this behaviour is qualitatively similar to the theoretical 
result for a spherical probe in the case Ti/Te = 0 (Ref. 4), one might suspect 
that it may be caused by the Debye length being so large that the field pene­
trates sufficiently far into the plasma to make the probe take on some of the 
character of a spherical probe rather than behaving as an infinitely long 
cylindrical one. However, this conjecture appears not to be justified, for 
the experiments which indicated that no length effect was present were con­
ducted under precisely those conditions which represent the region where 
the experimental curve deviates from the theoretical one. We shall see in 
Sec. 5.8 that a likely cause for this devation was the short mean free path for 
ion-ion collisions. 

In concluding the discussion of the effects associated with 
probe diameter, it mayalso be remarked that the electron temperature deter­
mined by the usual semi-log plot method showed no systematic dependence on 
probe diameter. This is evident from the data in Table 5.1(b). 

5.4 Variation of Ion Current With Probe Potential 

To complete the comparison of the experimental data from 
parallel probes with Laframboise's static theory for ion collection, it re­
mains to investigate the shape of the ion current versus probe potential 
curve for various values of Rp/ÀD' Experimental characteristics were com­
pared wit h theory in the following manner. Fir st, the quant i ty 
(Rp/ÀD)2Ii (Xf -10) was calculated from the data of a particular probe 
characteristic, and then Ii(Xf -10) was determined from Fig. 5.2. The 
empirical curve of that figure was used where the experimental data diverges 
from theory. This led to a value of Rp/ÀD' The experimental voltage scale 
was converted to dimensionless units by division with kTe/e. Now, the 
dimensionless potential which appears in the theory, ~, refers to the po­
tential difference between the probe and the undisturbed plasma . In the 
experiment, the floating potential was easily located (the point where the 
net current is zero), but the plasma potential was not. In order to 
evaluate Xp' it was therefore necessary to calculate the difference between 
the plasma and floating potentials on the basis of the theory, as outlined 
in Sec. 2.4. Finally, the ion current was reduced to the theoretical scale 
according to 

This procedure matched the dimensionless current at Xf -10 to the value 
indicated by the expe,rimental data in Fig. 5.2. 

The results from some randomly chosen characteristfi.cs are 
phown in Fig. 5.3. Only measurements at dimensionless potentials below 
Af -5 are $hown, for this represents the limit of the region where electrbn 
current is negligible. We see that there is good agreement with theory where 
such agreement is expected. The fact that the curves for ~/ÀD < 2 . 8 (i.e. 
(Rp/ÀD)2Ii(Xf -10) < 33 ) fall above the corresponding theoretical curves is 
of course a direct consequence of our ~cceptance of the empirical data of 
Fig. 5.2 as the basis of matching, rather than the theoretical curve of 
Lafra'1lboise. 

30 



5.5 Effect of Flow on Ion Current and Electron Temperature When Probe is 
Turned at an Angle to the Flow Velocity 

Initial tests indicated that when a probe was turned perpendicu­
lar to the flow velocity, the ion current decreased. Furthermore, the variation 
of the ion current with the orientation of the probe appeared to be a compli­
cated one which depended on the flow speed, on the ratio of probe radius to 
Debye length and also on the potential difference betw'een the probe and the 
plasma. This is illustrated in Fig. 5.4, which shows the ion current, mea­
sured at a fixed probe potential, versus angle of attack for two probes of 
different diameters under the same flmof conditions , and Fig. 5 . 5, which shows 
similar plots for a single probe at two different potentials. In both figures 
the currents are normalized with respect to the values read with the probe 
aligned with the velocity. Subsequent experiments demonstrated that when a 
probe was turned perpendicular to the flow the ion current could either in­
crease or decrease wi th respect to the value measured with the probe aligned 
with the flow, the behaviour being dictated by flow conditions. 

Before we advance the discussion of the dependence of the ion 
current on the probers orientation angle, it is important to point out that 
the electron temperature indication was found to be independent of that angle. 
Table 5.1(b) lists the values of Te obtained with the various probes in 
parallel and perpendicular attitudes. On the average , the transverse probe 
orientation yielded an electron temperature about one percent higher than the 
parallel orientation. This is so small compared with typical scatter t hat 
it cannot be interpreted as an indication of a true difference between the 
results for these bvo orientations. The scatter is - at least for the most 
part - due to the basic inaccuracy of the graphical interpretation. Figure 
5.6 provides a more direct demonstration of the total insensitivity of the 
electron temperature indication to the orientation of the probe. There, the 
plots of .en je versus probe voltage, from which the electron temperature was 
determined, are shown for 8 = 0 and 900 ,where 8 denotes the angle between 
the probe axis and the velocity vector . The data were taken from the 
oscillogram shown on Fig. 5.5. The reader is also referred to Sec. 7 for 
further illustration of this point (see Fig . 7.4). 

In the series of runs which provided the data for Table 5.1, 
the ion current density ji( Xf -10) was measured with the probes perpendicular 
as well as parallel to the flow velocity. The ratio jJ.. / j 11 was found to 
vary from about 0.5 to 1.6, depending on running conditions. Now, the fa ct 
that the Mach number had the same value, 5.8, in practically 011 runs rules 
this parameter out as a cause for the variation in the current ratio; nor could 
the dominant influence have come from the ratio of probe radius td Debye length , 
for this quantity was found to have approximately the same value in runs in 
which j..\... fj 11 was markedly different. The dimensionless quantity .vhich was 
found to change consistently with jJ../ ju ' however, was u/,JkTe/mi' 

A reasohable argument for the use of this parameter to corre­
late the flow velocity effect* can be derived from the consideration of the 
limiting case of very large flow velocity. Since in the parallel orientation 
a cylindrical probe collects ions as if it were in a stationary plasma, we 
have, from Eq. (2.2) " 

* Similar arguments have been used previously, as for example by Clayden 
(Ref. 26). 
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In the perpendicular attitude, on the other hand, the probe current will be 
given in the limit u ~oo by the rate at which the probe sweeps out ions, 

J ~ en. u.2R t 
1 P 

Hence in this limit, 

j~ .f2' 
ju ~ ~7T . 

1 
1. 

1 

u 

It is immediately clear that - at least in this limit - the ion current ratio 
depends on the quantity u/.JkT Im. ratherthan ontheconventional ' speed -rat'io (or 
Mach number) and is, furtherm~re; influenced through Ii by the dimensionless 
probe potential Xp as well as by Rp/~ and Ti/Te' 

In Fig. 5.7(a) the data from Tables 5.1(a) and 5.2 are plotted 
to show :u./ ju vs u/.JkTe/mi' As the assumption of isentropic flow appeared to 
describe the situation reasonably well in the central core of the free jet 
expansion, t~e dimensionless speed, which is given for the various runs in 
Table 5.2, w~s calculated from (c.f. Eq. (5.3)) 

u 1 

For convenient identification the points are coded according to run, using the 
same symbols as in the table. Note that they represent the ratios of çurrents, 
measured from probe characteristics, at the partlcular dimensionless probe 
potential X = Xf-10, i.e. lOkT /e volts below floating potential. Referring 
to Table 5 .lr a) it is clear that; despite same scatter , j.Lh" for a particular 
dimensionless speed ratio (i.e. particular run) is generally higher for larger 
RB/Àp . This is particularly evident for low values of Rp/ Àn in the region 
u/.JkT lIDi < 1. From Fig. 5.7(a), we see that although there appears to be an 
initiäl decrease in j~/jll as the flow velocity increases from zero, this ratio 
seems to increase when uj.JkT Im. increases further. 

e 1 

The variation of the ion collection with flow velocity and 
Rp/ÀD - or (Rp/ÀD)2I i , which is uniquely related to it - can be more explicitly 
displayed by using the data from tests in which the ion current was measured, 
at some fixed potentialof the probe with respect to ground, as a function of 
the orientation angle, 8 ~ Since for an "infinite" probe the effect of flow 
velocity should dep end only on the component of the velocity normal to the 
probe axis, i.e. on u sin 8, turning the probe from 8= ° to 8 = 900 should 
yield data simulating conditions from u = ° to the actual flow speed used. 
Such plots of ji vs u sin 8 , normalized with respect to the value of j. at 
8 = 0, are shown on Fig. 5.7(b). The curves correlate reasonably well ~ith 
the data from Fig. 5.7(a), although same allowance must be made here for the 
fact that these measurements were generally not taken at exactly Xp = Xf-10, 
as in the case of the points on Fig. 5.7(a); the actual fixed probe potentials 
were found to correspond to dimensionless potentials between Xf-10 and Xf-17 
af ter T had been determined. 

e 
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The curves of j/j 11 versus u/JKTe!mi have the same general 
shape for all values of (Rp/ÀD)2Ii' As the dimensionless speed increases 
from zero, the current ratio first drops below unity, reaches a minimum, and 
then begins what appears a monotonie climb. The dip, which invariably takes 
place in the region u/~kTe!mi < 1, is particularly accentuated for small 
values of Rp/ÀD and becomes systematically shallower as Rp/ÀD increases. 

Since practically all these experiments were done at the same 
high Mach number, there remains the question of whether the conventional 
Mach number also enters the correlation of the dependence of j/j" on flow 
speed . Some evidence that this is not the case, at least when Ti/Te « 1, is 
given in Sec. 7. Also, although no systematic investigation of the orientation 
dependenee of ji was carried out in the Mach 2.2 nozzle flow field, the read­
ings of j,L./j1l which were taken agreed with the correlation of Fig . 5 . 7( a) . 

It is instructi ve to contrast the experimental ratio j~/ j u to 
the corresponding ratio of neutral partiele fluxes, which can be calculated 
theoretically. In the free molecule limit the velocity distribution function 
of the neutral atoms striking the probe is represented by a drifting Maxwellian 
(Ref. 27), and the flux of atoms per unit probe length, r , may be calculated 
in a straightforward manner (e.g. Ref. 10). The ratio r.L/rli ' it turns out, 
depends only on the Mach number, and increases monotonically from unity 
M increases. The calculation is simple in the limit u ~oo , where the partiele 
flux to a perpendicularly oriented cylinder is given by 

r..L = nu.2R 
p 

whereas when the cylinder i s aligned with the flow velocity, r is determined 
by the thermal flux, 

nc 
1+ 

Thus, in this limit, 

(5.8) 
= 1.05 M for 1 = 5/3 

Although this expres sion is exact only in the limit M » 1, it does in fact 
give a good approximation to the exact value down to Mach numbers as low as 
2 (where the difference is about 5%). In most of the experiments being dis­
cussed, M = 5.8, and the neutral atom flux to the collecting surface therefore 
increased by a factor of 6 when the probe was turned from a parallel to a 
perpendicular orientation. 

5.6 Some Notes on the Electron Current 

If conditions permit a probe to be operated at positive as well 
as negative potentials without excessive charge depletion, the electron-ion 
number density can be determined from either the ion or electron current. 
From Eqs . (2.2) and (2.3) we find that for a stationary or parallel probe 
the ratio of the electron current at plasma potential to the ion current at lOT /e e 
volts below floating potential should be 
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for Ar ions . 
Ii Xf-10 

The measurement of this ratio would therefore afford a convenient check on 
the magnitude of I .. 

l 

Unfortunately, as has already been pointed out i n the introduction 
of this section, even the smallest probes used collected, when operated at 
positive potentials with respect to the plasma, about 2% of the entire con­
vected electron flux in the core of the free jet flow field, and with the 
next larger probe size this figure increased to 25% . For this reason electron 
currents were generally avoided in this study. However, since a fair amount 
of electron current data was nevertheless taken with the smallest probes 
(0.025 mm diameter, ~/d ratio of 100), it might be of interest to review the 
results. 

Most of the measurements were taken in the free jet at Mach 
numbers from about 4 to 6. Because only the smallest probes could be used, 
the Debye length was relatively large compared to the probe radius: (Rp/ÀD)2Ii 
ranged from about 7 to 30, i.e. R /ÀD was in the range 1 to 2.5. The results 
may be discussed with reference ~o the typical example shown on Figs. 5.8 and 
5·9· 

The first point to note is that when the probe was turned from 
a parallel to a perpendicular orientation relative to the flow velocity, the 
electron current characteristic changed only in the region of the "knee" on 
the semilogarthmic plot, i. e. near plasma potential. Invariably, the devia­
tion from the exponential variation occurred at a lower value of electron 
current when the probe was perpendicular to the flow . Secondly, the experi­
mental electron current characteristics were only qualitatively similar to 
the corresponding theoretical ones. For example, in Fig. 5.8 we have tried 
to fit a theoretical characteristic to the experimental one by first bringing 
the two into congruence in the electron retarding region and then attempting to 
match them also at positive probe potentials . It is obvious from Fig. 5.9, 
which shows the result on an linear plot, that the curves cannot in fact be 
matched, for they do not acquire the same slope at higher positive potentials, 
at least not in the voltage range recorded. As a result of this basic dis­
agreement it was not possible to interpret the experimental electron current 
characteristic on the basis of Laframboise' s theory, at any rate not wit hout 
serious reservations, and a check of Ii through Eq. (5.9) was thus precluded. 
It might be said, however, that the electron current was on the whole con­
siderably smaller than expected. For example, if the value of je(O) indicated 
by the "matching" theoretical curve in Figs. 5.8 and 5.9 had been accepted, 
the resulting ratio of je(0)/ji(Xf-10), with the denominator taken from a 
parallel probe measurement, w.\ould only have been about one half that pre­
dicted by Eq . (5 . 9) with Ii taken from the empirical curve of Fig. 5.2. 
Similar results were obtained wi th the probe in a subsonic flmv (in the 
stagnation region of the blunt-nosed model used in the tests described in 
Sec . 6). 
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It is difficult to draw any quantitative conclusions from 
this result, for the "matching" procedure used to "estimate" je( 0) was of 
course entirely arbitrary and unsatisfactory. We can therefore conclude 
only that the electron collection could not have taken place under the 
idealized circumstances to which the theory was tailored. 

5.7 Non-Ideal Effects, Errors 

5.7.1 Surface Effects 

The theory upon which our interpretation of the probe character­
istic rests assumes that the surface of the probe acts as an ideal sink for 
the charged particles which strike it. In point of fact, a real metal surface 
may reflect some charged particles and act as a source of others. 

Let us consider the case of a probe biased sufficiently nega­
tive with respect to the plasma to repel all electrons, and confine our 
attention to a tungsten probe in an argon plasma. There are then two effects 
which may decrease the ion current indication below the ideal value: first, 
some of the incident ions may be reflected, and secondly, secondary ions may 
be ejected from the surface. Now according to Ref. 28 (p. 656), the fraction 
of incident Ar+ ions reflected from a tungsten surface is smaller than 10-3 
at low energies, while Ref. 29 indicates that secondary ion ejection is also 
entirely negligible, for the threshold energy of sputtering due to the impact 
of Ar+ ions on W is 33 volts. 

A more likely cause for error is the emission of electrons 
from the surface, which would lead to an overestimation of the ion current. 
Thermionic emission was negligible because of the low temperature of the 
probe. An argument can also be presented against significant photoemission. 
Since any source of radiation giving rise to the latter would have been con­
centrated in the stagnation chamber where the plasma was generated, it follows 
that when the probe was turned from a parallel to a transverse orientation, 
ther~by increasing by several orders of magnitude the area of it exposed to 
the stagnation chamber, the effects of photoemission must have increased sub­
stant ially. If photoemission had been important, this would have meant a 
proportional increase in ion current, rather than the decrease which was 
generally observed. 

Careful consideration must be given, however, to the effects 
of ion and metastable atom bombardment. The ejection of electrons from 
metals by impinging ions is expressed in terms of an electron yield, ti, 
which represents the average number of electrons emitted per incident ion. 
The value 0.10 has been accepted (Ref. 30) for low energy argon ions striking 
atomically clean tungsten, but when fo reign atoms are adsorbed on the surface, 
the electron yield is generally much lower. Hagstrum's (Ref. 30) work on 
this problem is of interest in this respect. He observed how ti changed 
with time as an originally atomically clean tungsten target was bombarded with 
argon ions, and found that in the presence of small amounts of residual gases 
and impurities ti decreased from the original value of 0.10 to below 0.05, 
the drop being particularly rapid when N2 was present in the system. The 
reason for the decrease was apparently that the process of electron ejection 
by ions was influenced strongly by the presence of an adsorbed layer of foreign 
atoms on the metal surface, whether these were atoms of argon, nitrogen or 
other gases. In the tests we are concerned with here, the condition of the probe 
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surface had invariably reached a steady state before experimentation commenced. 
This was evident from the reproducibility of the probe characteristics over 
periods as long as an hour. Since the steady state was one in whi ch the 
tungsten surface was covered by adsorbed gases (the 13000 K cleaning tempera­
ture ,was not sufficient to remove the last monolayer, and in any case even 
the 0.002% N2 present as an impurity in the commercial argon used was 
sufficient to build up a monolayer of nitrogen in less than one minute), it 
is reasonable to assume that the electron yield was less than 0.05. In other 
words, this effect could have caused the ion current to be overestimated by 
no more than 5% . No correction for this possibility was made in the inter­
pretation of the probe readings. 

Atoms in metastable states cause secondary emission of electrons 
in much the same manner as ions. In fact, the mec uanisms involved are so 
similar that the yield for electron emission is practically the same in both 
cases (Ref. 31). It follows that the probe current which results from the 
emission of electrons by metastable atom bombardment can be comparable in 
magnitude to the total ion current drawn by the probe only if the metastable 
atom concentration is very much larger than the charged particle concentration. 
If metastables contributed at all to the ion current measurements in these 
tests, their influence was probably very small, for when a cylindrical probe 
was turned from a parallel to a perpendicular orientation, the ion current 
indication generally decreased, whereas the metastable flux increased by a 
factor of 6, as was argued in Sec. 5.5. We can say with certainty that when 
the probe was aligned with the flow, the contribution of metastables to its 
ion current measurement could not have amounted to more than 1/6 of the current 
measured in the transverse orientation, and was almost certainly very much 
smaller than this amount since it is highly unlikely that the true ion current 
was zero in the transverse orientation. 

In conclusion, then it is unlikely that secondary causes made 
a predominant contribution to the ion current measurements. 

When electron currents are measured, there are two effects to 
consider: reflection and secondary ejection, both of which cause a decrease 
of the electron current relative to the ideal value. The magnitude of these 
effects is governed by the magnitude of the total secondary electron yield, 
5, which is defined as the average number of external electrons produced per 

incident electron, the fonner including both reflected and emi tted electrons. 
The author was unable to find suitable data on 5 for very low energy primary 
electrons. However, for kTe of the order of one 'eV, secondary emission 
should be entirely negligible at negative probe potentials . As for reflection, 
Langmuir and Mott-Smith (Ref. 32) have shown that for electron repelling probe 
potentials the shape of the electron current characteristic is unchanged 
when the reflection coefficient depends only on energy and the electron 
velocity distribution is Maxwellian. It follovlS that the electron temperature 
determination should be unaffected by reflection, but the entire curve would 
be shifted toward the plasma potential. The concomitant shift in floating 
potential would lead to an underestimation of Ji(Xf-10), but this shoUld not 
be serious unless the reflection is very severe. 

At sufficiently positive potentials, any reflected or ejected 
electrons will eventually be recaptured by the probe, but their presence 
will alter the potential distribution in the vicinity of the probe anq there­
by exert a secondary influence. It is likely, however, that the predominant 
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cause for the distortion of the electron current characteristic which was ob­
served in the present tests at positive potentials was the excessive depletion 
of electrons from the stream rather than some effect associated with surface 
phenomena. 

5.7.2 Mean Free Paths 

Appendix ~ outlines the methods and supplies the data for .. 
evaluating the mean free paths for collisions between the various species of 
partieles. In the series of runs referred to in this Section (see Table 5.2) 
the magnitudes of the mean free paths relative to the diameters of the probes 
used may be summarized as follows: 

min. avo max. 

À /d 8 32 112 aa 
Àee/d 3 180 103 
À -
ia/d 3 11 45 

À . . /d 0.03 0 .08 0 . 5 
. 1.1. 

The electron-ion mean free path is approximately equal to Àee' and Àie is 
much larger than Àii' The electron-argon atom mean free path was invariably 
very large in these experiments, for the electron energies were near those 
for the Ramsauer-Townsend minimum in the cross section curve. From Ref. 33, 
it is clear that the averäge cross section for elastic scattering of electrons 
by argon atoms was less than about 10-10 cm2 . This means that 

1 
À "'" > cm ea 

where P is expressed in micron Hg. The value of Àea was thus never less 
than about 20 cm in all these runs. 

We conclude that the probes were generally free molecular 
with respect to all species except the ions. As regards the latter, 
the situation was rather peculiar in that collisions between ions and 
particles of all other species were negligible (thus, no diffusion effects), 
but the ion fluid itself was almost in continuum flow relative to the probes. 
We shall discuss some possible consequences of this in Sec. 5.8. 

5.7.3 Other Causes of Error 

Ignorance of the effective collecting area of th~ probe is an 
ever present possibility of error in number density measurements. Contamina­
tion of the metal with nonconducting material will decrease , and coating of 
the glass insulation with a conducting layer increase, the true collecting 
area compared to that of the exposed wire itself. Great care was taken in 
these experiments to avoid both these possibilities. The probes were always 
examined carefully under a microscope af ter use. No deposits on the glass 
sheath were detected. On the other hand, it of ten happened that part of the 
wire adjacent to the glass was found to retain a black colour despite 
vigorous cleaning at the beginning of the experiment (see Sec. 3.2.2). Com-
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parison of readings taken in the plasma flow, under invariant test conditions, 
before and af ter such a deposit was removed by heating, indicated that such 
a blacker region was fully conductive. 

Wehner and Medicus (Ref. 18) have demonstrated a number of 
more insidious sources of error, but many of these are negated by the dis­
covery that the probe characteristic was time invariant af ter proper cleaning. 
Slow changes in the work function of the probe's surface were of no concern 
in these experiments wherè absolute values of potential were not measured. 
Nor was it likely that the distortion of the electron current characteristic 
was caused predominantly by a nonuniform work function over the collecting 
surface (Refs . 18 and 34), for similar results were obtained with a number 
of different probes. Oscillations in the plasma mayalso cause distortion of 
the probe characteristic (Ref. 35). Oscillations at the RF generating fre­
quency of about 10 Mc/sec were in fact picked up on the ion current signals 
when an oscilloscope with sufficiently fast risetime was employed (the 
usual amplifier-oscilloscope combination was limited to frequencies below 
500 Kc/s). Since their amplitude did not change with probe orientation, 
these oscillations could not have been a cause for the changes in both the 
ion and electron currents which we have attributed to the flow velocity. 

Another cause for concern is the possibility of attracted 
particles being "trapped" in orbits which correspond to negative total energy 
(the potential energy is taken to be zero at infinity). The existance of 
such orbits has been explicitly recognized in the literature (e.g. Refs. 3, 
4 and 5). However, since a free particle approaching the probe from 
infinity cannot, by virtue of its positive energy, enter a trapped orbit, it 
is appropriate in a collisionless theory to assume that such orbits are un­
populated. This has been done in all theoretical works published to date. 
On the other hand, collisions, no matter how infrequent, may knock particles 
into and out of trapped orbits. In a practical situation, the residence time 
of a particle in a trapped orbit would be governed by collisions and also 
influenced by the non-ideal shapes of laboratory probes. A cylindrical 
probe, for example, is always of finite length in practice, and trapped 
particles can therefore leak out of and enter through the ends of the con­
figuration. It is difficult to comment quantitatively on this matter. 
However, it is likely that a significant population of ions in trapped orbits 
would result in a decrease of the ion current from the ideal case where the 
possibility of trapping is neglected, for the presence of the orbiting ions 
around the probe would serve to shield the probe's field more effectively. 

5.8 Discussion of Results 

The work in this section constitutes an experimental calibra­
tion of the ion current collected by a cylindrical Langmuir probe under con­
ditions such that 

and 

T./T «1 (T < 50000 K) 
1 e. e 

o < u/~kT Im. < 2, approximately. e 1 

Most of the data were taken with probes having length to diameter ratios 
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of about 100, although t/d ratios of 50 and 34 were also employed to study 
the higher Rp/ÀD values . All mean free paths were large compared to the 
probe diameter except the ion-ion mean free path, which was generally small. 

The basis for interpreting this data as a calibration is that 
a cylindrical probe is uninfluenced by flow when its axis is parallel to the 
flow velocity and it is sufficiently long . This property was invoked in 
two instances: first, to justify our matching of the Ii data to theory at 
higher values of Rp/ÀD (Sec. 5.3), and secondly, in the assumption that 
only the normal component of the flow velocity influences the ion colle ction 
(Sec. 5.5) . Evidence of sufficient probe length rests on the finding that a 
four-fold increase in the probe's length had no effect on the results ( Sec . 
5.2). 

The following were the major results: 

(1) The value of electron temperature indicated by the electron 
retarding region of the probe characteristic was independent of R~/00, flow 
speed and the orientation of the probe relative to the flow veloclty. 

The same conclusion has been reached previously by French 
(Ref. 11) and Clayden (Ref. 36) .* In fact, the evidence which has by now 
accrued is sufficient to demonstrate that the electron temperature can be 
determined uniquely with a probe of any geometry , irrespective of its 
orientation, as long as the probe is small compared to the ~lectron mean 
free path and the flow speed is small compared to the electron thermal speed . 
We refer to the present results and those of French and Clayden mentioned 
above, all of which illustrate the independence of orientat i on in supersonic 
flows, and to those of Clayden (Ref . 36 ) with spherical and cylindrical 
probes and of Graf (Ref. 8) with flat-faced and cylindrical probes , which 
demonstrate the independence of probe shape . 

(2) For a probe in a stationary plasma, or a probe parallel t o 
the velocity in a f l ow, the experimental variation of the dimensionless ion 
current Ii with Rp/ÀD (Fig. 5 .2) agreed with Laframboise ' s theory fOT Rp/Àn> 2.8, 
but deviated from it at lower values of ~/ÀD ' 

The result that the dimensionless i on current rises above the 
orbital motion li1Ilited value ** at low Rp/ÀD is r ather unexpected at f irst 

* Brundin (Ref. 44) cites French's data as an indication that a transverse 
probe reads a higher electron temperature than a parallel one. This is not 
the conclusion French himself drew from his results; French argued (p . 32 , 
Ref. 11) that the occasional large differences which he observed in the t wo 
temperature indications were spurious and entirely unconnected with flow effects . 

** The"orbital moiion limit" refers here to the reg ion at low Rp/?n wher e 
the dimensionless ion current levels off to a constant value for a cylinder . 
The term is somewhat inappropriate in the context of the Bernstein­
Rabinowitz formulation, but appears to have been accepted in the literature . 
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sight, for this is the current that an entirely "unshielded" probe would 
draw in a plasma of Maxwellian ions. It is possible that this apparently 
anomalous behaviour may be attributed to the fact that the ion-ion mean free 
path was small compared to the probe diameter. This contention is based on a 
comparison of the theory by Laframboise (Ref. 4) with that of Allen, Boyd 
and Reynolds (Ref. 37) who treated the collisionless case for zero energy 
ions. In the formulation by Laframboise the current is calculated by a detailed 
analysis of the orbits of the particles being attracted from infinity, where 
their velocity distribution is specified, while the earlier theory of A-B-R 
assumes a priori that the attracted particles move along straight trajectories 
directed radially inward toward the probe. Both analyses account fully 
for the space-charge field resulting from charge separation, and therefore 
predict a dependence on Rp/ÀD' Now,it appears reasonable to assume that 
the two formulations should give identical results in the limit where the 
ion energy is very small compared to the electron energy and the dimension-
less probe potential is fairly large compared to unity. It is well known, 
however, that although this is indeed true for spherical probes, the two 
theories give different results for probes of cylindrical geometry, This 
disagreement was in fact anticipated by A-B-R (in a cryptic appendix), who 
therefore confined their attention to the sphere. The A-B-R curve of 
(Rp/ÀD)2Ii on Fig. 5.2 was obtained from the data of Chen (Ref. 6), who re­
cently published extensive computations based on their formulation for both 
cylinders and spheres.* This curve applies to zero energy ions and a 
dimensionless probe potential Xp =-15, which is sufficiently close to Xp=Xf-10 
for purposes of comparison. We see that the A-B-R and Laframboise curves 
are similar in shape at higher values of Rp/ÀD' but differ in magnitude. As 
Rp/ÀD decreases, however, Laframboise's curve reaches the orbital motion 
limit and levels off to a constant value, but the A-B-R curve continues to 
increase indefinitely, with a shape very similar to that indicated by the 
experimental data. The dramatic difference between the results of the two 
theories is apparently brought about by a rather subtle point (Refs. 5 and 6). 
The A-B-R theory contains the expticit assump:tion that the angular momentum 
of the particles is zero, whereas in the Bernstein-Rabinowitz formulation used 
by Laframboise, the angular momentum at r = 00 becomes indeterminate. Thus 
the assumption that all values of angular momentum are possible at infinity 
remains implicit in the theory of Laframboise even in the limit of zero ion 
energy. 

It is clear that the theory of Laframboise obtains when the 
mean free paths of the attracted particles are very large compared to the probe 
diameter.When the ion-ion mean free path is small, on the other hand, the 
A-B-R description is favoured. For example, in the limit when the ion fluid 
behaves as a continuum but does not interact with the ot her species, the 
equations governing its motion reduce formally to the collisi onless equations 
for the mot ion of individual particles if the external field predominates 
over the conversion of thermal to kinetic energy, as would be the case when 
Ti « Te and eV ,» kTe • In this case the velocity ;refers of course to the 
average velocity of the ions, and is directed radially inward. The formulation 
thus reduces precisely to that of A-B-R. 

* Chen expresses his results in terms of ~p = R /~ and a quantity J. 
Forcylindrical probes, Chen ' s J is equivalent toP(Ii/2~)Rp/ÀD in the 
notation of this paper. 
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We recall that the absolute magnitude of the experimental Ii 
curve was determined (Sec. 5.3) by matching the curve to that of Laframboise 
at high Rp/ÀD' It might be thought, in view of the argument given above, that 
matching to the Allen, Boyd and Reyn01ds curve would have been more appro­
priate. There are, however, some indications which favour the choice of 
Laframboise's curve. For one thing, at high ~/ÀD Graf obtained good agree­
ment between microwave and Langmuir probe measurements, using Laframboise ' s 
theory, under conditions where the magnitude of Àii/d was about ~, which is 
somewhat larger than the magnitude of this ratio in the present tests, but 
still small compared to QDity. Some evidence that the experimental curve of 
Fig. 5.2 may in fact be applicable under conditions where Àii/d is somewhat 
larger than unity was obtained in the tests described in Sec. 6 of this 
paper, where it was found that the use of the experimental Ii curve yielded 
electron number densities in very good agreement with independent measurements 
of ion flux to the wallof a model. However, the situation there was again 
somewhat different in that the ion-atom mean free path was only slightly larger 
than the probe diameter rather than being very largecompared to it, as was 
generally the case in the experiments described above. 

In any case, the experimental curve of Ii shown in Fig. 5.2 
was accepted as a working hypothesis throughout this work. It is obviously 
desirable to investigate this problem further under conditions where the 
various effects 'which are possible can be isolated and studied systematically. 

(3) The effect of a flow velocity component transverse to the 
probe axis is demonstrated in Fig. 5.7. As the flow velocity increased, the 
ion current first decreased, reached a minimum somewhere at u/~kTe/mi < 1, 
and then began what appears to be a monotonic increase. The magnitude of 
the initial decrease depended on Rp/ÀD' being more severe for smaller values 
of this quantity. 

Theories for ion collection by moving cylindrical probes have 
been published by Smetana (Ref . 38) and Kanal (Ref . 39). Both these works 
resort to some severe simplifying assumptions to make the problem tractable. 
Neither shows an initial decrease of current as the normal component of the 
velocity increases. It is interesting to note, however, that a similar 
analysis for spherical probes (Ref. 40) does show such a dip, qualitatively 
very similar to the results of the present experiments. 

The author is not aware of earlier experimental work showing 
an initial decrease of ion current with flow velocity. Although meas~rements 
of j~/ju have been published (e.g. Refs. 11 and 41), they were taken Under 
conditions where the current ratio was greater than unity, and orientation 
angles intermediate to 0 0 and 900 were not investigated. Both Refs . 11 and 41 
reported experimental values of j~/jll that agreed reasonably well with free 
molecule calculations of partiele flux neglecting the effect of the probe's 
field. In the light of the results of the present investigation, this 
agreement must be regarded as fortuitous. In both references mentioned, 
Rp/ÀD was large and the electron and ion temperatures were about equal. The 
present data indicates that under such conditions the conventi6nal neutral 
particle flux calculation should givea fair approximation for j~/j\ in a 

. f \ supersonlc low. 
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6. STUDY OF TEE STAGNATION REGION AHEAD OF A FLAT-NOSED CYLINDER IN LOW 
REYNOLDS NUMBER, SUPERSONIC FLOW 

6.1 Introduction and Experiment 

This section describes a series of experiments in which free 
molecule Langmuir probes were used to study the shock layer and shock wave 
ahead of a flat - nosed, electrically floating, cylinder in a supersonic plasma 
flow. This particular model shape was chosen because it has been the object 
of much analysis, being the most common geometry employed for the "stagnation 
point Langmuir probes" which have found application in higher density flows 
where free molecule probes are impractical (Refs. 42 - 45, for example), and 
also because it provides a flow field with large variations in both electron 
number density and flow speed and therefore sets a severe test for the use­
fulness of the collision-free Langmuir probe as a diagnostic tool. The probe 
data were supplemented by an independent measurement of the ion flux to the 
wall at the stagnation point of the electrically floating model. The re­
lationship between this last quantity and ~he free stream charged particle 
number density is of basic importance not only in laboratory experiments in­
volving stagnation point Langmuir probes, but also in atmospheric measure­
ments with rocket borne ion mass spectrometers sampling at the stagnation 
point. 

Most of these experiments were carried out in the Mach 2.2 
nozzle flow field described in Sec. 4.2, with the model and probe arranged 
as sMwn in Fig. 6.1. The models have been described fully in Sec. 3.2.3, 
in which the method of measuring the ion flux to the wall was also outlined. 
Only probes of the smallest size (0.025 mm diameter, 2.5 mm length) were 
employed in these tests, and they were always mounted with their axes per­
pendicular to the flow velocity. This orientation was dictated by resolution 
requirements. In the perpendicular attitude the probe was to a good approxi­
mation exposed to uniform conditions over its entire length, all measurements 
being taken along the stagnation streaIDline, and its diameter was much smaller 
than any distanee over ,,,hich substantial gradients in the flow direction 
were present. 

The free stream can be described briefly as follows: 

Mach number ~ 2.2 

degree of ionization ~10-4 

volurne recombination negligible (see Sec. 4.4) 

T /T. > 10 e l 

~ « boundary layer thickness 

Typical values for the stagnation pressure and temperature, respectively, 
were 1 torr and 500oK. Thus, the free stream was a weakly ionized gas, . in 
a highly nonequilibrium state, but nevertheless a true plasma in the sense 
that the electron and ion number densities were equal over the entire flow 
field except for the very thin sheath near the wall . Not also that, although 
the probes were so small as to be reasonably collision-free, the flow over 
the model was in the continuum regime, with a Reynolds number based on body 
diameter and stagnation conditions behind the bow shock in the range 
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70 < Re2 < 125 

The flow relative to the probes is defined by the conditions in the shock 
·laY-e:F-, where To = 5000 K, Te = 30000 K, P = 0.7 torr, and (ni)max = 1018 m- 3 
are representative figures. From Appendix B, we find that under these conditions 
Àaa = 0.15 mm, Àia = 0.04 mm, Àii = 0.09 mm, and Àee = 2.2 mmo The value 

of Àea is very large, as is shown in Sec. 5.7.2. Comparing these to the 
probe diameter of d = 0.025 mm, we see that the probes were near the free 
molecule flow limit, the critical mean free path being that for ion-atom 
cOllisions, which is only slightly larger than the probe diameter. Passing 
through the bow shock into the free stream, Àia increases, whereas Àii de­
creases (to about 0.05 mm). 

The procedure in a typical run may be outlined as follows: 
first, sufficient time was allowed af ter operating conditions had been set for 
the steady state to be reached in all respects. Almost one hour was necessary 
to ensure that the wall temperature at the nose had come to its final value. 
Then, Langmuir probe characteristics were taken at a series of locations along 
the stagnation streamline, covering the region from the models nose to the 
free stream. From these the floating potentialof the probe was determined, and 
the probe was then biased at a fixed potential with respect to ground such 
that it would operate in the region of the characteristic where the ion 
current had become "saturated" and the electron current was negligible. The 
idea was to . have the probe at approximately 10kTe/e volts below floating 
potential, so that the data of Figs. 5.2 and 5.7(b) could subsequently be 
utilized to interpret the readings. It was usually possible to set the bias 
fairly close to this value simply by making use of the observation that the 
difference between the floating potential and the potential at which the total 
current levelled off to the ion current value is about 5kTe/ e. A survey of 
ion current versus probe position was then recorded, starting from the body 
wall and moving out through the shock layer and the bow shock to the free 
stream. Finally, the ion flux to the wall was measured as a current to the 
spherical collector in the interior of the model, and af ter this the model was 
swung out of the stream to make way for impact pressure surveys. It is worth­
while to stress again that the flow conditions were found to be very steady 
throughout the runs. A probe characteristic was always recorded just prior 
to swinging the model out of the flow in order to check for changes against 
the data tàken at the beginning of the run and excellent agreement was ob­
tained. Flow properties were also checked before and af ter the model was 
swung out of the stream. Both stagnation chamber and nozzle ' exit pressures 
remained i.nvariant, iniiicating that the presence of the model did not disturb 
the ordinary gasdynamic properties of the free stream flow. The electron 
number density also remained constant, out the plasma potential increased 
noticeably (by several times kTe/e) when the model was removed from the flow. 
This should not necessarily be interpreted as a penetfation of the potential 
downstream of the atom shock wave to posit.ions upstream of i t, as described 
theoretically by Jaffrin (Ref. 46), for the areasof the model and its 
support being bathed by the plasma were not negligible compared to the sur-
face area of the nozzle ', which was the only (grounded) metal part with which , 
the plasma established contact before emergihg into the test chàmber. Lastly', 
the stagnation chamber pressure was recorded~ the R.F. power turned off, and, 
wit.hout altering the mass flow Po, was again read, this time with the gas in 
the stagnation chamber at room temperature . A comparison of the "hot" and 
"cold" stagnation pressures yielded a value for stagnation temperature, as 
discussed in Sec. 3.2.5. 



The temperature of the wall at the stagnation point, Tw' was 
determined by repeating the experiment with the sister model which was in­
strumented with a thermocouple. Flow conditions could be reproduced very well 
in every respect in successive runs. In all tests in which this model was 
used, Tw/To was found to be 0.85 ~ 2% once steady state conditions had been 
reached (the two percent here refers to scatter, not error). 

6.2 Interpretation of Ion Current Surveys in Terms of Ion Number Density 

The electron temperature and number density distributions over 
a particular region may be obtained from current-voltage characteristics, pro­
vided that measurements at a sufficiently fine network of points are available. 
In these experiments, however, a simpler and more graphic method was used, 
largely because, as will be seen in the following section, the electron tem­
perature turned out to be uniform over the entire region surveyed . The shape 
of the ion number density distribution was inferred from plots of ion current 
versus position, taken at a fixed probe potential. Complete probe character­
istics were taken only at a few representative points to determine the electron 
temperature and check the floating potential and the absolute magnitude of 
the number density . 

The profiles of ion current along the stagnation streamline 
were qualitatively similar to the corresponding ion number density profiles. 
Moving in. toward the nose of the model from the upstream direction, the ion 
current was constant in the free stream, then increased as the probe passed 
through the bow shock into the shock layer, levelled off again briefl y, and 
finally dropped toward zero as the probe entered the boundary. layer and 
approached the wallof the model. As explained previously, care was taken in 
these surveys to set the probe potential as close as possible to 10kTe/e 
volts below the average floating potential, so that the data of Sec. 5 could 
be used for interpretation. Any influence arising from the variation of the 
plasma potentialover the region traversed was found to be small, for the 
profiles of j/jmax, where jmax represents the maximum value of the ion current 
in the shock layer, measured with the probe at constant potential with re­
spect to ground were closely matched by similar profiles measured at exactly 
10kTe/e volts below the local floating potential . 

The ion current drawn by a probe oriented transverse to the 
flow direction may be expressed in the form 

~
T 

. e 
J..L. = e arm . 

1. 
n. L . (~j.) 

1. 1. J II 
(6.1) 

where Ii retains the signi ficance it had in the static case, and is a function 
of Xp' Rp/ÀD and Ti/T . For X~ = Xf-10 and Ti/Te « 1, it is given in Fig . 
5.2. The quantity j.J../ju is ava1.1able, in terms of u/,JkTe/mi and (Rp/i\n)2I i (XrJ-0) 

. - or R /ÀD if Fig . 5 . 2 is consul ted - from the experimental curves of -
Fig. 5.7(b ) . ~he latter are also applicable to the case Ti/Te« 1 and 
Xp ~f-10. Thus, we have sufficient information to calculate the relationship 
between the ion number density and the ion current measured at a probe potential 
corres,onding to Xp= Xf-10, provided that Ti/Te « 1 and the value of 
u/,JkTe mi is known . 

In these experiments the greatest uncertainty in applying this 
method to account for the flow velocity was caused by the difficulty of esti-
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mating u. Although the flow speed was accurately known in the free stream, 
it could not be calculated with any confidence for positions in the low Rey­
nolds number shock layer. In the boundary layer region, the problem was 
further complicated by the fact that the flow speed of the ions, >.hich is pre­
sumably the speed on which the probe response depends, obviously differed, 
because of diffusion, from the very low speed of the neutral gas. 

Because of these difficulties floweffects were ignored entirely 
in the subsonic region behind the bow shock, and the ion current profiles con­
verted to number density profiles by the steps outlined in Sec. 2.4 for 
static probes, except that the empirical curve of Fig. 5.2 was used for Ii 
instead of the theoretical one. Actually, the profiles of ni obtained in 
this manner were in the end accepted as regards shape only, for to avoid as 
far as possible any errors >.,hich might have been incurred as a result of the 
fact that the fixed probe potential in the surveys was in general not exactly 
10 dimensionless units below f10ating potential, the absolute value of the ion 
number density profile was afterwards determined by matching its height to 
the ni values obtained from the complete current-voltage characteristics which 
were always taken to supplement the ion current surveys. For those, too, the 
empirical curve of Fig. 5.2 was used whenever necessary. The maximum value of 
ni in the shock layer, obtained in this way, is denoted by (ni)max' The 
influence of the flow speed on the readings in the shock layer should in 
general not have been serious. For example, in Run 18 - 1, which was 
typical, the data of Fig. 5.7(b) implies the perpendicular probe should 
have underestimated the static ion current by 8% at a speed u2 corresponding 
to the speed on the downstream side of a normal shock with the experimental 
upstream conditions. In the shock layer, the component of the gas velocity 
directed toward the wall decreases as the wall is approached, but the charged 
particle diffusion speed increases. An estimate shows that for the case at 
hand the diffusion speed at the point near the wall where the ion number 
density was one tenth of (ni)max was such as to cause the ion current to be 
underestimated by about 9%, according to the data of Fig. 5.7(b). In other 
words, although the flow speed of the gas decreased toward the wall, the ion 
diffusion speed increased, and the net effect was such that the total ion 
speed tended to remain constant. Thus, floweffects should not have exerted 
a serious influence on the shape of the ni profile in the subsonic region, 
although they may have caused the absolute magnitude of ni to be slightly 
underestimated. 

We note that the conditions in these tests were not in all 
respects similar to those under which the data of Fig. 5.2 were taken. For 
one thing, in the shock layer, >.,here the gas was at approximately the stagna­
tion temperature, the ratio Ti/Te had the relatively high value of about 1/6. 
However, judging by the apparent insensitivity of the theoretical Ii curve 
of Laframboise (Fig. 2.4), it is reasonable to assume that this temperature 
ratio was sufficiently small to justify the use of data for Ti/Te « 1 with­
out appreciable error. A more serious cause for concern was the fact that 
the ion-ion mean free path was not small compared to the probe diameter, as 
in the experiments described in Sec. 5 from which the probe calibration was 
taken; rather, it was usually somewhat larger than the probe diameter. There 
was also a danger of diffusion effects influencing the probe response, for the 
ion-atóm mean free path was only moderately larger than the probe diameter. 
Despite these differences, however, the experimental data of Fig. 5.2 was 
used as a working hypothesis throughout this section to interpret the probe 
readings . 



Floweffects were accounted for in the measurements through 
the bow shock and in the free stream. There, it was possible to obtain a 
reasonable approximation for the speed by assuming that the flow in the shock 
was one dimensionale The ion number density and (ion) flow speed were related 
by 

n u = n u ref ref (6.2) 

where nref was equated to the maximum ion number density in the shock layer, 
(ni)max , obtained as described before, and uref was assumed, as a first 
approximation, to be equal to u2' the speed on the downstream side of a normal 
shock wi th the experim.ental upstream conditions. A calibration of ni/ (ni )max 
versus j~/jmax was then calculated according to Eq. (6.1), with Ii taken as 
before from Fig. 5.2 and j~/j" from Fig. 5.7(b). This calibration was then 
used to convert the experimental ion current profile to a number density dis­
tribution. As we shall see in Sec. 6.3, the normal shock density jump vras not 
quite realized across the bow shock in the experiments, and the use of u2 for 
the reference speed might therefore not have been quite appropriate. However, 
the assumption of one dimensionality was under those conditions not free of 
suspicion, and further refinements based on this assumption did not seem to 
be warrant ed. 

Note that precisely the same conversion procedure would have 
been necessary if a series of probe characteristics had been taken rather 
than a single plot of ion current against position. The only advantage in 
the former case would have been the more accurate knowledge of the dimension­
less potential at which the ion current was measured. 

6.3 General Results 

Figure 6.2 shows a photograph of the model in position in the 
floW*. Under operating conditions, the shock layer was clearly visible as a 
more intensely luminous region ahead of the nose, with a fairly distinct outer 
boundary delineating the location of the bow shock. 

The results from a series of runs where stagnation strefu~ine 
surveys were taken are summarized in Table 6.1. We note first that in all 
these runs the electron temperature was found to be constant throughout the 
entire region surveyed, from the face of the model out to positions in the 
free stream (Fig. 6.3). This result is not unexpected. For one thing, a 
reasonable boundary condition for the electron temperature at the body wall 
in this case is dTe/dy = 0, (see for instanee Ref. 60), since at the floating 
wall, which in order to reduce the electron flux to equality with the ion 
flux assumes a bias heavily negative with respect to the plasma adjacent to 
it, all but a few percent of the incident electrons are reflected elastically 
in the sheath** without making contact with the metal. In other words, one 

* The stagnation and static conditions for all runs referred to here are 
listed in Table 6.1. 

** We are dealing with a situation in which the electron mean free path is 
much larger than the Debye length, i.e. an electron does not suffer collisions 
in its passage through the sheath. 

46 



mean free path away from the wall only the very highest energy tail of the 
electron velocity distribution as a whole is distorted as a result of the 
proximity of the surface, and thermal accommodation should therefore be 
practically nonexistent even in this otherwise continuum situation. Secondly, 
thermal contact-poor between electrons and other species - is extremely good 
vTi thin the electron gas i tself. For example, an order of magnitude analysis 
of the electron energy equation used by Grewal and Talbot (Ref. 47) in their 
study of the electron temperature distribution in a normal shock wave shows 
that the length scale for appreciable percentage change of Te in an electron 
gas is given by 

L ,~ 

À e 
n k u 

e 
(6.3) 

where Àe is the electron thermal conductivity, k the Boltzmann constant, 
u the flow speed. From Eq. (A . 7) of the same reference, in c.g.s. units, 

2 x 1011 T 5/2 

and 

L :::::: e 
n u ,en A 

e 
( cm) (6.4) 

where A has the same meaning as in Appendix B of this paper. In order to 
obtain a conservative estimate for L, we represent the present experiments 
by Te = 3000oK, ne = 1012 cm- 3 , and u = 105 cm/sec, and find that L > 102 cm. 
This is to be compared with the shock standoff distance, which was less than 
one centimeter. 

Figure 6.4 displays surveys of ion current along the stagnation 
streamline for three runs at different Reynolds numbers, while the "boundary 
layer" regions - if this term can still be applied - of the same runs are shown 
on a more extended scale in Fig . 6.5 (the "noise" on the curves is caused 
mainly by sticking of the traversing gear carriage; the middle oscillogram 
in Fig. 6.5 shows a particularly bad example of this). We recall that when the 
electron temperature is uniform, a survey of ion current is at least qualita­
tively similar to a profile of electron number density, and can in principle 
be converted to the latter. In these figures, the wallof the model is at 
the right, where t.he ion current approaches zero, and the free stream at the 
left.We see clearly the region of constant ion current (or number density) 
in the free stream, the rise through the bow shock, followed by a fairly uni­
form region which in higher Reynolds number flows becomes the "inviscid flow" 
region, and then a sharp drop toward zero near the wall as the electrons and 
ions diffuse through the neutral gas to the surface, where they are lost by 
surface recombination. 

The three runs selected for illustration show the thickening 
of the boundary layer and the bow shock as Re2 decreases from 120 to 107, 
and then the merging of these two regions at the lowest Reynolds number of 84 . 
It should be stressed, however, that the shock and boundary layer we are here 
concerned with are those defined by the number density. distribution of the 
charged partieles, and not those of the neutral atoms or the gas as a whole. 
We shall see in subsequent sections that these two may differ, and that the 
degree of difference between them is governed largely by the magnitude of the 
Schmidt number Sc, based on the ambipolar diffusion coefficient. When this 
effective Schmidt number is considerably less than unity, as is generally th~ 
case when Te» T·, the electron-ion and neutral atom distributions may differ 

. 1 
substantlally. 
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Figures 6.6 - 6 .10 show some electron-ion number density pro­
files obtained from the ion current surveys by the method outlined in Sec. 
6.2. All profiles are normalized with respect to the maximum electron-ion num­
ber density in the shock layer, (ni)max' In the "boundary layer" region, 
where floweffects on the probe data -were- neglected,the -diffel'ence between 
the number density and ion current profiles is brought about entirely by the 
variation of the dimensionless ion current Ii with Rp/ÀD' In the bow shock, 
on the ot her hand, this correction competes with that for flow speed, which 
tends to override it, particularly at the lowest number densities encountered 
(e.g. Run 16-3), and to bring the number density curve above the ion current 
curve. 

We observe first that the jump in electron-ion number density 
across the bow shock is not as great as one would expect on the basis of 
the density ratio based on the usual normal shock analysis. Rather than the 
value 2.5 which is appropriate for a Mach number of 2.2, it is about 1.8 
for the two higher Reynolds number cases, where it is still possible to separ­
ate the bow shock and the boundary layer, and decreases to about 1.5 for the 
lowest Reynolds number case shown, where the boundary layer and shock have 
merged entirely. The question arises whether these low electron-ion density 
jumps were real, or may be attributed, wholly or partly, to the falsification 
of the Langmuir probe response by some non-ideal influence. As regards the 
last-names possibility, one may make the hypothesis that ion-atom collisions 
were beginning to affect the probe's response. As was noted in Sec. 6.1, the 
ion-atom mean free path was usually only moderately larger than the probe dia­
meter behind the shock wave, and diffusion effects could therefore have caused 
a reduction of the ion current measured by the probe. Such an effect would have 
been more serious on the downstream side of the shock than on its upstream side, 
where the mean free path was larger. However, this hypothesis appears to be 
contradicted by the finding that the collisionless interpretation of the ion 
current was consistent with the independent measurements of ion flux to the 
wallof the model (see Sec. 6.4.2) . 

A true reduction of the electron-ion number density downstream 
of the shock is not unreasonable. First, it is evident from the fa ct that 
the charged particle number density must approach zero at the wall that it 
will be prevented from reaching its full value downstream of the bow shock 
whenever the region of influence of the wall - i.e. the boundary layer, loosely 
speaking - extends sufficiently far upstream to interact with the shock. Such 
an interaction will occur when the boundary layer and shock thicknesses are 
comparable to the shock detachment di stance (as was the case in these tests) . 
Furthermore, since the shock detachment was about equal to the nose radius 
of the model, it follows that under these conditions the centre line electron­
ion number density distribution will also be influenced by diffusion losses 
in the radial direction. Radial diffusion losses may in fact have been 
abnormally high in these experiments because the radial ion concentration dis­
tribution was already non-uniform in the free stream (Fig. 4.6). Note that the 
short, reasonably flat region of n. between the bow shock and the boundary 1 -' - -~ ~.r....L\.... 

layerin the higher Reynolds number runs does not necessarily imply that the 
shock and boundary layer did not merge. In the absence of dissipative 
phenomena, ni should actually increase in the shock layer as the flow velocity 
decreases toward zero and the gas density increases from its value behind the 
shock to the corresponding stagnation value (this increase is about 15% for 
the present free stream Mach number). 
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It is important to stress again that because of the low v~ues 
of the ambipolar Schmidt number, Sc, the scale of the electron-ion diffusion 
phenomena was substantially larger in these tests than the scale of the 
dissipative regions in the neutral atom flow field. Under such conditions it 
is to be expected that deviations from high Reynolds number theory will occur 
earlier - i.e. at higher Reynolds numbers - for phenomena associated with 
charged particle diffusion than for phenomena which depend only on the neutral 
atom flow field (such as the heat transfer, when the gas is weakly ionized). 

Returning lastly to the "boundary layer" region of the shock 
layer, we observe on Figs. 6.9 and 6.·10 that the· charged partiele number den­
sity variation becomes linear as the wall is approached. This is of course to 
be expected, for very near the flat wall, where y/D « 1, the diffusion problem 
becomes practically one dimensional. We stress àgain that the conversion of 
ji to ni was based on the experimental curve shown on Fig. 5.2 whenever the 
operating" point was in the region where that · curve di verged from the theoretical 
one. For compari son, Figs. 6.9 and 6.10 also show the tli profile s which 
would have resulted had the theoretical plot of Ii vs (Rp/ÀD)2Ii been employed 
instead of the empirical one . In Fig. 6.10, for example, the two curves 
diverge dramatically near the wall. Note that the curve based on the experi­
mental calibration of Ii is more satisfying physically, for it does take on 
the expected linear shape near the wall, whereas the other one does not. We 
shall also see that the ion flux to the wall calculated on the basis of the 
empirical probe calibration agreed well with the value measured with the 
internal ion collector. 

6.4 The Ion Current to the Wall at the Stagnation Point 

The flux of ions at the wallof a body in continuum flow is of 
basic importance in many experiments, as for example those involving measure­
ments with a stagnation point Langmuir probe or a rocket borne ion mass spectro~, 
meter sampling at the stagnation point. In the tests being described here, 
this quantity was measured directly at the stagnation point and compared with 
the ambipolar diffusion flux appropriate to the charged particle number density 
gradient there established by the traverses with free molecule Langmuir probes. 
A theoretical description of the problem is not at present available for the 
flow regime studied, but the measurements are compdred with the high Reynolds 
number boundary layer theory which forms the framew?rk of the majority of the 
stagnation point theories published to date. 

6.4.1 Direct Measurement 

The method of measuring the ion flux to the wallof the electri­
cally floating body has already been outlined in Sec. 3.2.3. To recapitulate, 
both electrons and. ions were allowed to pass through an 0.140 mm diameter 
orifice in the thin wall at the stagnation point into the evacuated interior 
of the model, where the two species of charged particles were separated by 
biasing the collector sufficiently negative to repel all electrons, and the 
ion flux was measured as a current to the collector. 

~igure 6.11 shows a typical plot of collector current versus 
bias voltage, the latter measured with respect to the floating body. At 

. sUfficientiy negatiye potentials, the current levelled off, < as expected, to 
what we identify as the ion current, but still showed a slight increase with 
further bias. This latter was interpreted to indicate a penetration of . the 
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interior electric field into the region exterior to the model, an effect which 
was reasonable since ÀD was not large compared to the orifice radius. It was 
compensated for by accepting for ( ' j)wze(nivi)w that current which resulted 
from a linear extrapolation of th~ collector current from highly negative 
potentials to the zero current potential. 

There remains the question of what effect the pressure in the 
interior of the model had on the current measurement. Although at a point 
j ust upstream of the baffle valve (see Fig. 3.13) the pressure was about 10-4 
torr under representati ve operating conditions, a free molecule calculation 
taking into account the conductance of the path to the pump (Ref . 48 ) indi­
cated that the pressure near the nose of the model should have been of the 
order of 10-3 torr . Experiments showed that a higher pressure in the interior 
had the effect of shifting the levelling off of the current to higher values 
of negative bias. For example, in a test where the pressure in the interior 
was allowed to reach 0.06 torr, the ion current at -15 volts bias was re­
duced from the low pressure value by about 10% and approached the lat ter only 
at considerably higher bias values . However, since this represented a rather 
extreme example, it was concluded that any errors from this cause could not 
have been serious. 

Table 6.2 lists the wall current densities measured in this 
manner in four runs (the retention of only two figures is an acknowledgement 
of the small degree of ambiguity introduced by the necessity for the extra­
polation). Also shown for comparison are the ambipolar diffusion fluxes for 
the respective runs, calculated from the ion number density profiles at the 
wall. These will be discussed in Sec. 6.4.2 . 

6 .4.2 Diffusion Flux Calculated From Measured Ion Number Density Gradi ents 
At Wall 

When a body is floating electrically and the Debye length is 
very small, the rate at which ions and electrons arrive at its wall is governed 
entirely by the ambipolar diffusion flux. At the wall, where the charged 
particle number density approaches zero, this flux is given by the expression 

niVi =- Di (1 + ;~ ) ~~i (6.5) 

where Di is the binary diffusion coefficient of the ions in the neutral atoms. 
In general there are additional terms present on the right hand side of Eq. 
(6.5) because the driving force for diffusion is actually governed by con-
centration and pressure gradients, but these terms disappear when ni approaches 
zero. It follows that if the diffusion coefficient is known, a measurement 
of the ion number density gradient near the wall will suffice to specify the 
flux to the wall. This allows the Langmuir probe measurements in the shock 
layer to be checked against the independent measurement of ion flux to the 
wall at the stagnation point. 

Writing 

* y I 
D 

( 6 . 6) 
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where (ni)max is the maximum ion number density in the shock layer and D is 
the body diameter, and expressing the- flux as an equivalent current, we obtain 

J. = e(n.V.) 
w 1 1 W 

e(n.) D.(PT) 
1 max 1 WJ' W ~) (dnt ) 

T , d?"'" 
Wo w D 

If we specialize to the case at hand by substituting for Di from Eq. (A.7), 
this becomes 

4 -25 
J. = 1.8 x 10 
w (6.8) 

Ampere jm2 

Here, all quantities are in MKS units except Pw' which is expressed in torr. 
In the experiments, Pw was equated to the measured impact pressure*, Tw was 
measured directly, Te and (ni)max were obtained from probe characteristics, 
and (dni*jdy*)w from the number density profile inferred from the ion current 
survey. 

Table 6.2 lists (dni*jdy*)w and the resulting calculations of 
jw for four runs in which the number density profile was measured very care­
fully in the vicinity of the wall . We s ee that the calculated wall flux 
agrees remarkably well with the directly measured value . Since the expression 
for the diffusion coefficient for atomic argon ions in their parent gas appears 
to be well confirmed by experiment near the temperatures of interest here 
(Ref. 49), the agreement may be interpreted as a favourable reflection on the 
accuracy of the probe measurements. We stress once more that the empirical 
curve of Ii vs (RpjÀD)2Ii shown on Fig. 5.2 was employed to interpret the 
probe readings. The use of the theoretical curve would in some instances 
have resulted in substantially different values of both (dni*jdy*)w and 
(ni)max' This has already been commented on in reference to Fig. 6.10, whi ch 
shows a case in which (ni)max would have been unaltered had the theoretical 
curve been accepted, but the slope at the wall would have been considerably 
increased. In Run 16-3 the number density was particularly low and the 
difference therefore even more dramatic : the use of the theoretical curve 
would in that case have led to a diffusion flux at the wall some 70% higher 
than the directly measured value, whereas very good agreement was obtained 
with the fluX calculation based on the empirical curve. 

6.4.3 Comparison With High Reynolds Number Boundary Layer Theory 

The conventional boundary layer approach to the present pro­
blem is outl-ined in Appendix C. It is shown ther--e-·that the application of 
high Reynolds number theory yields a relationship between jw, the current 
equivalent of the ion flux to the st·agnatIon point wall, and (ni)6 ,the 
ion number density at the boundary layer edge. For the case at hand (f+at­
nosed cylinder, Ml = 2.2, Ar+ in Ar, frozen flow, f\D <<D), this relation­
ship is expressed by Eq. (C.25). In terms of the inviscid flow in ' the shock 
layer as a whole, (ni) 6 represents the stagnation value of ni, and in fro­
zen flow is related to the free stream ion number density, (ni)l, by 

I 

* Reynolds number corrections were negligible for both impact probe and 
model. 
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where P02 represents the stagnation density of the gas behind the shock, and 
Pl the free stream density. For Ml = 2.2 and y= 1 .67, P02/ Pl = 2.91. 

Using this in Eq. (C.25), we obtain the following expression for the free 
stream ion number density in terms of the ion current to the wall: 

6.25 x 1020 JD .jp ( tory) rT + 11. 5 
w , w 

( 1 + ~: ) .j"":T:::o==+=1:;4=2=-
(6.10) 

where all quantities are in MKS units except Pw' which is expressed in torr. 
The quantity Z'(O) is given for Tw/To = 0.8 (the actual value in the experi­
ments was 0.85) in Fig. C.2, as a function of Sc5 ,the value of the ambi­
polar Schmidt number at the outer edge of the boundary layer, i.e. at 
stagnation conditions . Referring to Appendix A, we obtain 

2 • 51 ( T oT + 11. 5 .fT 0 ) 

(1 + ~: ) 0 + 142 
(6.11) 

Equation (6.10), or its voltage dependent generalization, 
forms the basis of the "stagnation point Langmuir" probe technique, in which 
one relies on continuum theory to provide arelation between the ion current 
measured at the stagnation point and the free stream ion number density. 

Table 6.3 shows a comparison of the free stream ion number 
density calculated from Eq. (6.10) and the directly measured value of jw 
with the value of (ni)l measured in the free stream with the free molec~le 
Langmuir probes. We see that the boundary layer theory underestimates (ni)l 
by about 50%. Now, it was established in the previous seetion that the shape 
and absolute magnitude of the experimentally determined ni distribution near 
the wall was in good agreement with the measured jw' Since the present dis­
agreement is more than ean be accounted for by the difference in the experi­
mental and theoretical density ratios across the bow shock, the profiles must 
also be dissimilar in shape near the wall. This is shown in Fig. 6.12, where 
theoretical profiles of ni/(ni)5 are compared to experimental profiles of 
ni/(ni)max in the "boundary layer" region. The theoretical profiles were 
obtained from the data shown in Fig. C.3, and converted to the physieal 
scales by means of Eq. (C.21). 

The difference between the results of the two methods is pre­
sumably caused by a failure of the high Reynolds number boundary layer 
theory at these low Reynolds numbers. This point will be discussed further 
in Sec. 6.8. 
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6.5 The Ion Shock Wave 

It was apparent early in these experiments that the maximum 
slope shock thickness obtained from the ion number density profiles was about 
twice as large as the accepted value for the neutral atom shock thickness. 
This was not surprising, for the weakly ionized gas in which the tests were 
conducted behaved as a mixture in which the minority species had a very high 
effective mobility, and variations in the species concentrations were there­
fore to be expected in any region of gradients. 

The separation of the constituents of a neutral gaseous mix­
ture in a shock wave has been considered by Shermah (Ref. 50), whose analysis 
of the shock structure in a binary mixture of inert gases predicts pronounced 
separation of the species if the constituents are of disparate mass. 

The analogous problem for the weakly ionized inert gas has 
been solved by Sinclair (Ref. 51). Sinclair considered a frozen, partially 
ionized gas, consisting of electrons, ions and atoms of an inert gas, with a 
degree of ionization so low that the charged particles make no significant 
contribution to the overall transfer of momentum and energy. This allmved 
him to first obtain the neutral atom shock structure and then calculate the 
chargedparticle distribution consistent wit h it. The electron temperature 
was assumed a priori to remain constant, at an arbitrarily assigned value, 
over the region of the electron-ion and neutral atom number density variations, 
and charged particle diffusion was assumed to be ambipolar (in other words, 
the Debye length was assumed to be much smaller than the shock thickness) . 
Sinclair's calculations for argon at Ml = 2.2 and To = 4500 K are shown in 
Fig. 6.13, where the charged particle number density profiles through the 
shock are plotted with Te as parameter. 

Experiment and theory are compared in Fig . 6.14. The points 
represent ion shock thic~Desses, 6i' measured directly from the ion current 
profiles by the maximum slope method. They are plotted against the free 
stream value of the ambipolar diffusion coefficient, which governs (in this 
case through Te) the degree of the ion-atom separation. The ambipolar 
Schmidt number is used here, rather than Te itself, because it is the magni­
tude of this dimensionless parameter ,vhich is of basic importance in the 
separation process. 

It is evident that the experimental plot appears to follow 
the theoretical one in shape, but falls about 50% higher than the latter . 
However, much of this difference can immediately be attributed to both 
theoretical and experimental shortcomings. For one thing, it is well knoym 
that the Navier-Stokes theory, which is basically equivalent to the 13 moment 
method which Sinclair used, underestimates the shock thickness at higher 
Mach numbers. For argon at Ml = 2.2, the measured atom shock thickness is 25% 
greater than that predicted by the Navier-Stokes theory (Ref. 21), and we 
may therefore expect the experimental ion shock thickness to fall above the 
theoretical one by about the same amount. An additional 10% of the 
difference may be attributed to our measuring 6 i directly from the ion 
current profiles rather than from the ni profiles derived from them (the 
conversion of ji to ni in the shock wave was a very time-consuming process) . 
It is clear fr.om Figs. 6.6 and 6.7, for example, that this procedure in gen­
eral caused an overestimation of 6i by about 10%. (The low density runs, 
where the shock had merged entirely with the boundary layer, were disregarded 
for these measurements.) In addition to these factors, the experimental 
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simulation of one-dimensional normal shock conditions was obviously poor. 
As was discussed in Sec. 6.3, the shock structure was in all likelihood in­
fluenced by three-dimensional effects and by downstream gradients. 

6.6 The Shock Detachment Distance 

The shock detachment distance, Ys' we refer to here is the 
separation, measured along the stagnation streamline, between the nose of 
the model and the maximum slope centre of the bow shock. The values of 
Ys/D listed in Table 6.1 were measured directly from the ion current profiles, 
as indicated in Fig. 6.15. These valuesscatter about an average of 0.45 and, 
as shown on Fig. 6.15, do not reveal a systematic variation with Re2 in the 
narrow Reynolds number range covered in the experiments. In fact, our value 
of 0.45 for Re2~102 is in excellent agreement with the experimental data for 
very high Reynolds numbers. This is evident from Fig. 8 of Ref. 52, where 
such data fOT flat-nosed cylinders are summarized. 

Bailey et .al. (Ref. 52) also found that for flat-nosed cylinders 
the shock detachment distance remained very close to the high Reynolds number 
value down to Re2 values as low as 80. In their measurements, however, the 
shock detachment distance was measured to the outer edge of the luminous 
region ahead of the model. Also, their experiments were done at higher Mach 
numbers and lower ratios of wall temperature to stagnation temperature. In 
the present tests the centre of the ion shock was used to define Ys' Note 
that according to the theoretical ni profiles shown on Fig. 6.13, the ion 
shock lies somewhat upstream of the neutral shock, but for the case at hand 
the centre of the ion shock should coincide approximately with the upstream 
edge of the neutral shock. 

6.7 Some Experiments at Lower Reynolds Numbers 

A few runs were also made with the model in the free jet flow 
field, where higher Mach numbers and therefore lower Reynolds numbers could 
be obtained. It was soon apparent, however, that the severe axial gradients 
in that flow, together vlith the interaction of the model' s shock layer with 
the barrel shock of the free jet, distorted the flow about the model signi­
ficantly from the shape it would have had in the absence of free stream 
gradients. We shall nevertheless show some of the results from these tests, 
for they are of qualitative interest. 

Figure 6.16 shows an ion current profile along the stagnation 
streamline of the model for a run in which the Mach number just upstream of 
the bow shock was about 4.5, and the corresponding Re2 value was 18. The 
value of the Schmidt number, based on stagnation conditions, was 0.39. The 
ion current profile is entirely merged and bears little similarity to a high 
Reynolds number ni profile. The axial gradients in the free stream are evi­
dent from the ion current profile, and also from the free stream Mach number 
distribution Shovlll in Fig. 4.1 (the nose of the model was at z/D = 2.3 in 
this run, while the upstream edge of the bow shock was at about z/D = 1.9). 
As in the higher Reynolds number experiments, the electron temperature was 
found to be constant from the wallof the model to points in the free stream. 
Qualitatively similar results have been reported by Clayden (Ref. 36). 

The entirely three dimensional nature of the ni distribution 
in the stagnation region may be inferred from the ion current surveys in Fig. 
6.17. These represent traverses through the shock layer in the direction 
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transverse to the free stream flow velocity. The interaction with the barrel 
shock was obviously serious in this run, but the results should nevertheless 
be qualitatively similar to what they would have been had the free stream 
been uniform. 

6.8 Discussion of Results 

We have seen that with careful interpretation the free mole­
cule Langmuir probe can be used with considerable success for the detailed 
exploration of continuum flow fields. This study of the stagnation region of 
a flat-nosed cylinder in a Mach 2.2 flow has yielded the following information . 

(1) The electron temperature was found to be constant in the bow 
shock and the entire shock layer, from points in the free stream to the face 
of the cylinder. 

Similar results have been obtained previously by Sonin (Ref . 
14). A discussion has been given in Sec. 6.3. 

(2) The merging of the charged particle number density distribut-
ions in the shock and boundary layer was observed at a value of Re2 of about 
100, with theambipolar Schmidt number based on stagnation conditions in the 
range 0.3 to 0.5 . 

Since the scale of the electron-ion diffusion phenomena rela­
tive to the scale of the dissipative regions in the neutral flow field is 
governed by the magnitude of the ambipolar Schmidt number, the merging of the 
ni profile, for example, or the behaviour of any measurable which is related 
to it, cannot be correlated with the Reynolds and Mach numbers only . The 
ambipolar Schmidt number (at stagnation conditions, say) must also be in­
cluded as a significant dimensionless parameter. 

(3) The ni profiles established with free molecule Langmuir probes 
neàr the wallof the model implied diffusion fluxes which were in good agree­
ment with the directly measured values of the ion flux to the stagnation 
point wall. 

On the other hand, the interpretation of the measured jw on the 
basis of high Reynolds number theory gave a free stream ion number density 
about 50% lower than the value measured with free molecule probes. This dis­
agreement was traced to the dissimilarity of the experimental and theoretical 
ni profiles, both in the region near the wall, where ~he experimental cUrve 
was more extended,than the theoretical one, as well as through the bow shock, 
across which the experimental ni jump was less than the value expected at 
high Reynolds numbers. 

Brundin (Ref. 44) reports measurements with stagnation point 
Langmuir probes at Re2 values between 2.5 and 47. In two of his three runs 
(covering Re2 values from 2.5 to 20) he also ~ade free stream measurements 
with free molecule, cylindrical Langmuir probes with their axes aligned with 
the flow velocity. Brundin did not accept the a~ailable free molecule probe 
theories, but argued that since he found little systematic difference be­
tween the readings of the two different diameter stagnation point probes whi ch 
he employed in each run, the conventional high Reynolds number boundary layer 
interpretation of the stagnation point probe must have remained valid down 
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to the lowest Reynolds numbers in his tests, Re2 ~ 2.5. He accepted his stagna­
tion point probe readings, and arrived at the conclusion that the dimension­
less ion current Ii, defined , in Sec. 5, must have had a value of 2.5 for his 
cylindrical probes. Now, the static free stream conditions in Brundin's experi­
ments were similar, as regards Ti/Te and the mean free paths, to those in the 
experiments described in Sec. 5. If we re-interpret Brundin's free molecule 
probe readings in terms of the data in Fig. 5.2, we find that Ii should have 
had a value of 1.20 in both of the runs for which he reports free molecule 
probe measurements. This means that his stagnation point probes gave a free 
stream ni about 50% lower than the free molecule cylindrical probes. 

The fact that Brundin' s stagnation p0int pro'be measurements at 
the lower Reynolds numbers apparently underestimated (ni)l by about the same 
factor as the equivalent measurements in the present experiments at Re2 ~ 100 
must be regarded as fortuitous. For one thing, a direct comparison between 
the two experiments cannot be made in terms of Reynolds number alone . Brundin's 
measurements were made at hypersonic Mach numbers and at quoted stagnation 
'temperatures of about 10,0000K, with considerably lower electron temperatures. 
The high To and low Te/To combine to give the ambipolar Schmidt number based 
on stagnation temperature a high value in Brundin's case, and as aresult the 
electron-ion diffusion effects which were so pronounced in the present exper.i­
ments may have been less prominent under his conditions. Brundin made no de­
tailed investigation of the structure of the shock layer, and therefore no 
definite conclusion can be drawn in this respect. We have seen semiqualitatively 
in Sec. 6.7, however, that at the low Schmidt numbers characteristic of the 
present experiments, the shock layer was entirely merged at Re2 values com­
parable to, and in fact even considerably h~gher than, those in Brundin's tests. 

(4) The diffusive separation of the ions and atoms in the bow shock 
was demonstrated and compared with theory. The results bore out the general 
features of the theory, but a conclusiye quantitative comparison was pre­
cluded because of the poor experimental simulation of the normal shock con-
di tions, at least as regard the charged particles . 

7 . SHOCK WAVE TRAVERSES 

The application of the Langmuir probe to traversing a normal 
shock wave in a shock holder seemed a natural extension of the work described 
in the previous section. In particular, it was thought that traverses with 
both parallel and transverse probes would not only yield data on shock structure, 
but also provide a convenient check on the probe calibration, the density jump 
across the shock being known. Let it be said at the outset that the experi­
ments were failures in both these respects, for it proved to be impossi'ble 
to create a suitable one dimensional shock wave in the facility available. 
However, the tests did furnish some relevant information, and will therefore 
be discussed. 

The simple shock holder used for these experiments is sketched 
in Fig. 7.1. It consisted of an open-ended tube, the front end chamfered 
externally at 100 to a thin lip, with slots in the sides and bottom to al10w 
a probe to be passed into the interior. A movable perforated disc downstream 
of the tube served to position the shock at the mouth of the holder. Again, 
only the smalle st , 0.25 cm long, probes were used. They were mounted on the 
larger traversing gear and could be rotated about the geometric centres of 
their collecting surfaces to permit surveys to be taken in both the parallel 
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and transverse orientations without having to interrupt the operation of the 
tunnel. All surveys were taken along the axis of the flow. The potentiometers 
coupled to the traversing system allowed the ion current profiles to be 
plotted directlyon the x-y storage oscilloscope. 

Three runs were made, at flow conditions given in Table 7.1. 
Ion current surveys through the shock are shown on Fig. 7.2; the top curve 
in each oscillogram represents data taken with the probe axis parallel, and 
the bottom one with it perpendicular, t o the flow velocity. The oscillogram 
for Run 29-3 also shows the corresponding ion current surveys obtained af ter 
the shock holder had been removed from the flow. In all three runs, the lip 
of the shock holder was at z = 11.8 cm, and an attempt was made to centre the 
ion shock at that station. 

It is clear that the normal shock conditions were simulated 
very poorly. Not only was the ion shock thick compared to the shock holder 
diameter (about 2 cm versus 3.5), but there were considerable gradients in the 
flow properties in both the axial and radial directions. The former are 
evident from the ion current surveys as well as from the axial Mach number 
distribution in Fig. 4.1 compared to the shock thickness. The radial gradients 
are illustrated in Fig. 7 . 3. Since the flow about the axis of a free jet is 
very similar to the spherical expansion from a souree, uniform conditions can 
be expected only over an area which subtends a very small solid angle at the 
orifice. In this case a compromise had to be reached between this require­
ment and the necessity for making the holder diameter as large as pos sible 
compared to the shock thickness. Obviously, the result left a lot to be de­
sired in both respects. Figure 7.3 indicates that the spherical nature of the 
flow was quite prominent over the dimens ions of the shock holder, the Mach 
number being lower and the electron density higher at the centre of the shock 
relative to its edge. As aresult, the shock wave was somewhat concave,as i t 
should be in a spherical flow field. 

These shortcomings precluded quantitative comparisons with one 
dimensional shock theory. Nevertheless, some interesting results should be 
pointed out. We refer first to the ion current survey in Fig. 7.2 (Run 29-1) 
which indicates alocal increase on the upstream side of the shock. Such a 
bump was observed only when the stagnation pressure was low, i.e. when the flow 
was diffuse. The result was quite reproducible and independent of probe 
potential. Now, this bump could have been either a real one in ne or Te, or 
else a peculiarity of the probe's response. If the effect is a peculiarity of 
the probe's response, it implies that a parallel probe - the bump is quite pro­
nounced in the ju profile, and hardly visible in the j~ profile - is influenced 
by flow speed. This, we have argued in Sec. 5, was unlikely, and we have in 
fact explicitly denied this possiblity in interpreting the results of Sec. 
5.3 as a calibration of the statie probe. Point by point surveys showed 
that Te was constant throughout the compression region (Fig. 7.4). A localiz­
ed increase in ne is difficult to explain in this particular case. On the 
other hand, the same effect was observed in traverses through the Mach disc 
of the free jet shock structure, and in that case an explanation was evident . 

When axial ji traverses were made through the free jet Mach 
disc at successively lower and lower stagnation pressures, it was found that 
eventually a similar bump appeared in the ji profiles, and grew more pro­
nounced as the stagnation pressure was decreased further. We see it in very 
mild form in Fig. 4.2(b), for example, although considerably more prominent 
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records were also obtained. At the lower Reynolds numbers the sides of 
barrel shock associated with the flow of the neutral gas had become quite 
thick, but as a result of the low magnitude of the ambipolar Schmidt number 
in these tests, the corresponding electron-ion number density distributions 
were even more diffuse. Consequently, the electron-ion number density distri­
butions associated with the sides of the barrel shock merged at the centre 
line, and indicated an increase in ji, before the Mach disc itself caused a 
sharper increase in ni. These details couJ_d be inferred from radial ion current 
surveys . A similar explanation cannot be given in the case of the surveys shown 
on Fig. 7.2, where, as we see from Fig. 7.3, the barrel shock of the free 
jet was not close to the shock holder. However, it is likely that in this 
case, too, the bump in ji represents a real increase in ni. 

Figure 7.5 shows plots of j-L./ ju obtained from the data on Fig. 
7.2. Note that in the free stream upstream of the shock, the Mach number 
was increasing, and the gas temperature and electron-ion number density de­
creasing, with the axial distance z. The only flow property which remained 
practically invariant was uj~Telmi, for the gas had almost reached its es~ape 
speed and Te was constant. The fact that JJ../ ju remained constant in the free 
stream in all cases indicates again that the dependenee of the ion current on 
flow speed correlates with ujJkTe/mi rather than with the conventional Mach 
number. Another relevant point here is that the increase of jJ./ j,\ through the 

. s-hock wave was consistent with a normal-shock decrease of flow speed and the 
flow sleed correlation of Fig. 5.7(b). In Run 29-1, for example, where 
u/JkTemi = 0.79 upstream of the shock, the ion current ratio was about 0.83 
downstream of the shock, where (Rp/ÀD)2Ii (Xf-10)~ 11. From Fig. 5.7(b), 
this implies that ~/~kTe/mi ~ 0.19, i.e. ul/U2 ~ 4.2, compared with the ratio 
of about 3 .6 predicted by the one dimensional shock relations. For Runs 
29-2 and 29-3 the speed ratio was 3.2 and 1~.0, respectively. 

A reason for finding fair agreement in the speed ratio but not 
in the electron-ion number density ratio may be advanced as follows. Since 
the Reynolds number Re2 based on shock holder diameter was in the range 17 to 
24, which is sufficiently high for impact pressure corrections not to be 
serious (Ref. 17), the jump in the ovèrall gas properties across the shock. 
wave was probably reasonably well represented by the one dimensional relations. 
The electron-ion shock, on the other hand, was substantially more diffuse than 
the neutral shock, for the arnbipolar Schrnidt number ,,,as very small. lts 
thickness, we have seen', was almost as great as the shock holder diameter. 
It was therefore to be expected that the combined effects of three dimensional 
upstream diffusion and losses by diffusion to the shock holder walls would 
distort the centre line ele~tron-ion nQmber density distribution fr,omthe one 
dimensional shape, but there was no reason to expect the axial velocity com­
ponent of the charged species to have been significantly different from that 
of the gas as a whole upstream and downstream of the shock. 



8. CONCLUSIONS 

This investigation has covered two areas: the response of free 
molecule cylindrical Langmuir probes in flowing plasmas, and the application 
of such probes to the study of the flow in the stagnation region of a blunt 
body. The detailed conclusions from these two studies are listed in Sections 
5.8 and 6.7, respectively. 

To recapitulate briefly, the Langmuir probe··experiments indi­
cated that under static or pseudo- static conditions, thetheory of Lafram­
boise represents the ion current characteristic adequately at large Rp/ÀD' 
but not when Rp is comparable to or '~maller than ÀD. The influence of the 
plasma velocity normal to the probe axis was found to depend on the quantities 
u/~kTe/mi and Rp/ÀD' The results indicated clearly that the ' ion current de ­
creases with increasing normal velocity, reaches a minimum, and then increases 
again for subsequent increases in velocity. The magnitude of the initial de­
crease depends on Rp/ÀD' being more severe for smaller values of the latter. 

The study of the stagnation region of the flat-nosed cylinder 
in supersonic flow provided a graphic demonstration of the mer ging of the bow 
shock and boundary layer at Re2 ~ 100 and also furnished evidence of the 
diffusive separation of ions and atoms in the shock wave. Independent mea­
surements of the ion flux to the stagnation point wall were in good agreement 
with the Langmuir probè measurements in the shock layer. High Reynolds num­
ber boundary layer theory was found to give an inadequate description of the 
flow at Re2 ~ 100. 

The Langmuir probe was also used to great advantage as an aid 
in qualitative flow description (Sec. 4). Ion current surveys, which could 
be simply and rapidly recorded, yielded immediate qualitative information on 
the structure of the flow field, revealing the approximate locations of 
shocks and compressionzones. 

Thus, the free molecule Langmuir probe isunquestionably an 
extremely useful tool in studies of complicated plasma flow fields. On the 
other hand, it is also clear that the quantitative interpretation qf its 
readings must be done with great care, for there are still many aspects of 
probe behaviour which are imperfectly understood. For example, the effects 
of small ion-ion mean free paths on an otherwise free molecule probe certainly 
merit further syst~Il).atic investigation. A more quantitative definition of the 
limits of free molecule theory - there are here a number of limits to con­
sider because of the many types of particle interactions which are possible -
would be of great interest, particularly for cylindrical probes. At the pre­
sent state of the art, it is the author's opinion that microwave methods, 
for example, although not themselves suitable ,for local measurements on a very 
smallscale, should be used whenever possible to supplement probe data and 
check probe response under typical operating conditions. Much of the uncer­
tainty which of ten aris-es in probe work could be avoided with such methods of 
cross checking. 
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TABLE 5.1 

Results from Tests With Free Molecule Langmuir Probes* 

( a) Ion Current Measurements 

2 ** ** 
jJ../ j 11 Run Symbol Probe (Rp/AD1 I i (Xr-1O ) Ii(Xr1O ) 

No. experimental at X = X -10 P f 

26-2 9 7.18 7.32 0.50 
10 60.2 3.43 0.63 

26-3 9 22·9 5.23 0.62 
10 193 2.46 0.80 

32-4 0 11 7.40 6.82 0.47 
10 55.0 3.57 0.59 

34-1 + 16 40.8 4.25 0.58 
14 108 2.88 0.76 
15 196 2.44 0.81 

34-2 0 16 384, 400 1.96, 2.06 1.21, 1.18 
14 1160 1.50 1.26 
15 2330 1.42 1.26 

35-2 16 202 2.58 0·95 
14 562 1.82 1.01 
15 1090 1.63 0·99 

35-3 16 102 3.12 0.79 
14 282, 2.20 0.88 
15 530 1.90 0.88 

35-6 • 16 601 1.91 1.51 
14 1790 1.47 1.65 
15 3640 1.38 1.60 

* Running conditions are listed in Table 5.2 and probes are described in 
Table 5.3 

** Based on measurements with probe parallel to flow 



TABLE 5.1 (continued) 

(b) Electron Temperature Measurements 

kTe/e (volt) 
Run Probe No. Probe Probe 

Percent 

Parallel Perpendicular 
Difference 

26-2 9 0.352 0.345 -2 
10 0.372 0.330 -12 

26-3 9 0.369 0.369 0 
10 0.369 0.369 0 

32-4 11 0.315 0.312 -1 
10 0.315 0.298 -6 

34-1 16 0.369 0.344 -7 
14 0.356 0.356 0 
15 0.356 0.361 +1 

34-2 16 0.124 0.123 +1 
14 0.122 0.121 -1 
15 0.122 0.122 0 

35-2 16 0.178 0.191 +7 
14 0.185 0.185 0 
15 0.183 0.181 -1 

35-3 16 0.270 0.261 -3 
14 0.265 0.282 +6 
15 0.275 0.282 +3 

35-6 16 0.122 0.134 +10 
14 0.122 0.151 +21 
15 0.120 0.130 +8 

Average difference between electron temperature readings in parallel and 
perpendicular orientations: 1.1% 

Root mean square difference: 6.7% 



TABLE 5.2 

. Running Conditions in Tests With Free Molecule Langmuir Probes 

Run Stagnation Conditions at Probes 
Conditions 

P T M P x 103 T Te T.jT u n 
0 0 1. e e 

(torr) (OK) (torr) (OK) (OK) ~kT Im. (m- 3) 
e 1. 

26-2 0.742 544 . 4.8 3.3 63 4060 0.016 0.77 1.25 x 1017 

26-3 1 '.06 970 4.8 4.7 112 4280 0.026 1.00 5.82 x 1017 
I 
, 

32-4 0.837 547 5.8 1.7 45 3600 0.013 0.83 0.98 x 1017 
! 

I 

34-1 0.747 558 5.8 1.5 46 4150 0.011 0.78 0.70 x 1017 
I 

34-2 ·1.06 993 5.8 2.1 82 1430 0.057 1.79 4.85 x 1017 

35-2 0.942 855 5.8 1.9 71 2140 0.033 1.35 2.94 x 1017 

35-3 0·900 772 5.8 1.8 64 3160 0.020 1.06 1.80 x 1017 

35-6 1.26 1480 5.8 2.5 123 1510 0.082 2.13 7.42 x 1017 

Note: The given Te refers to the average value 



TABLE 5.3 

Langmuir Probes 

Probe No. d = 2R j, 
P 

(mm) (mm) 

9 0.0248 2.65 

10 0.105 10.2 

11 0.0252 2.50 

14 0.208 10.3 

15 0.305 10.5 

16 0.105 10.0 , 



TABLE 6.1 

Results from Stagnation Streamline Survels . . , I ; i ., 

Run T P M1 Re2 T 6. i 
SC1 Y /D (ni )max 

0 0 e s 
oK torr oK - --

< À 1 m -3 

9-2 545 1.08 2.23 93 3830 7.24 0.135 0.43 

9-3 718 1.26 2.20 78 3270 7.11 0.217 0.43 

9-4 614 1.41 2.28 105 4580 7.27 0.128 0.43 

10-1 531 1.09 2.19 97 3630 8.03 0.142 0.45 

10-2 422 0.961 2.19 114 3930 7.87 0.100 0.45 

15-1 478 1.23 2.23 124 3000 7.84 0.147 0.44 

15-2 445 0·977 2.20 108 3300 8.17 0.126 0.47 

16-1 478 1.22 2.24 120 2400 7.30 0.180 0.450 1.42 x 1018 

16-2 453 0.981 2.23 104 3010 8.30 0.137 0.468 0.827 x 1018 

16-3 444 0.721 2.13 84 5320 9·12 0.084 0.503 0.368 x 1018 

17-1 453 0·985 2.23 107 2860 7.14 0.145 0.462 1.05 x 1018 



TABLE 6.2 

Ion Current at the Stagnation Point 

Run From Langmuir Probe Measurements Direct Difference 
Measurement 

(ni)max ( dnt) jw jw 

m- 3 dy* w A/m2 A/m2 

16-1 1.42 ' x 1018 8.47 5.18 5.0 +4% 

16-2 0.827 x 1018 
7.19 3.28 3 ·9 -16% 

16-3 0.368 x 1018 
5.75 2.75 2·9 -5% 

17-1 1.05 x 1018 6.40 4.10 3·9 +5% 



TABLE 6.3 

Comparison With High Reynolds Number Boundary Layer Theory 

Run No. jw SC5 Eree Stream Electron Number Ratio 

measured Density (m- 3) 

-, 
directly ( a) (b) (a)/(b) 

A/m2 calculated from measured with 
jw using b.l. free molecule 

theory probe in free 
stream 

16-1 5.0 0.491 3.2 x 1017 7.82 x 1017 0.41 

16-2 3·9 0.384 2.1 x 1017 4.55 x 1017 0.46 

16-3 2·9 0.225 1.0 x 1017 2.50 x 1017 0.40 

17-1 3.9 0.400 2.6 x 1017 5.78 x 1017 0.45 



TABLE 7.1 

Operating Conditions in Tests With Shock Holder 

Run 29-1 29-2 29-3 

P (torr) 
0 

0.827 1.14 1.17 

T ( OK) 537 792 983 
° 

T ( OK) 
e 3810 3500 2710 

~ * u/ ~ 0.79 1.00 1.27 1 m. 
1 

average
2 

(Rp/"D) Ii 
in ion current 10 20 50 
traverse 
( approximately) 

* Free stream conditions (1) were taken to be 
at z "'" 10.5 cm, where M "'" 5 
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FIG. 3.3 EXTERIOR VIEW OF TEST SECTION AND TRAVERSING GEAR 



FIG. 3.4 INTERlOR OF TEST SECTION, SHOWING PROBES ON TRAVERSING 
GEAR AND FREE JET ORIFICE 
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FIG. 3.6 RF DISCHARGE IN STAGNATION CHAMBER, EXHAUSTING INTO 
TEST CHAMBER THROUGH NOZZLE 



FIG. 3.7 RF DISCHARGE IN STAGNATION CHAMBER, EXHAUSTING INTO 
TEST CHAMBER THROUGH FREE JET ORIFICE 
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APPENDIX A 

Diffusion Coefficient, Viscosity Coefficient, Schmidt and Reyno1ds Numbers 

A.1 Diffusion Coefficient for Atomie Argon Ions in Argon 

Most data on the motion of ions in neutral gases is given in 
terms of the mobi1ity, ~i, which is re1ated to the diffusion coefficient, Di, 
by"Einstein's re1ation, 

kT 
e 

(A.1) 

The mobi1ity ~io which is usua11y given in the literature represents the 
va1ue of ~i at thestandard gas number density of no = 2.69 x 1025 atoms/m3, 
which corresponds to STP conditions of 760 torr and 273°K. The mobi1ity at 
other densities'is re1ated to ~io by the equation 

n 
(n,T) 

0 
~. (T) ~i n lO 

Thus, k PSTP T2 

D. - TSTP P ~io(T) 
l e 

Chanin and Biondi (Ref. 49) give the fo110wing expression for 
ions in Ar: 

2 1 1 33 1.43 x 102 
2.08 x 10- T2 + 0.24 + --=--T + ~--=:._..:::;.,;:-

T
2 

(A.2) 

(A. 3 ) 

~io(T) for Ar+ 

v01t-sec/cm2 

(A.4) 

which is va1id for 500 K < T < 12000K. Their experiments (in the temperature 
range 77°K to 3000K) were in good agreement with this re1ation. At higher 
temperatures it suffices to retain on1y the first two terms on the right 
hand side of Eq. (A.4), and one then has 

4.81 x lOl 
~io = IJ'! + 11.5 

cm2/volt sec. (A.5) 

Equation (A.5) differs. from Eq . (A.4) by 1ess 
6% at 100oK. Substi tuting Eq. (A.5) into Eq. 

than 2% at 2000K and by about 
(A. 3), we obtain 

4 T
2 

D. P = 1.60 x 10- -.---
l ~ + 11.5 

(A. 6 ) 

or 

X 10
-6 T2 

D. p(torr) = 1.15 m2/sec-torr 
l ~ + 11.5 

(A. 7 ) 

where P is expressed in N/m2 in Eq. (A.6) and in torr in Eq. (A.7). 

Al 



A.2 ViS€0Si·ty· Coeffident for Argon 

For T > lOOoK, the viscosity 
Formula (Ref. 53), 

coefficient was calculated from 
the Sutherland 

where K 1.93 x 10-6 

C 142 

K T3/ 2 
(A.8) 

T + C 
kg/m sec 

At temperatures below 100oK, the Lennard-Jones potential calculation of the 
viscosity was used (Ref. 54, p. 528), with E/k = 124°K and rr = 3.418 R . 

. Above 1000K Eq. (A.8) agrees with the Lennard-Jones calcul·ation to within 
less than 2%. 

A.3 The Schmidt Number 

Based on the diffusion coefficient of atomie argon ions in their 
parent gas, D. (not the ambipolar diffusion coefficient), the Schmidt number 

.. 1. 
is given by 

Sc. = _J..I._ 
1. pD. 

1. 

Taking the viscosity, J..I., from Eq. (A.8) and D. from Eq. (A.6), we obtain 
1. 

o This should be accurate to within a few percent from over 1000 K down to 

(A.10) 

200oK, and mai be stretched to lower temperatures for less stringent require­
ments. 

The ambipolar Schmidt number, based on the ambipolar diffusion 
coefficient, is given by 

Sc 

where T is the electron témperature. 
e 

Sc. 
1. (A.ll) 

A.4 Re2, the Reynolds ~umber Éased on Free Stream Mass Flux and Stagnation 
Temperature . 

Re2 ; is defined by 

Re = 
2 

P1ulD 

J..I. o 
(A.12) 

where the subscript 1 denotes free stream conditions and 0 stagnation condi­
tions . In terms of Mach number and stagnation conditions, this equation takes 
the form 

ç. 1 p 
o 

~ 

..... ~ ~ _ ......... ~, 

(A.13) 

A2 

-~ ... " .... .... , . .,.-... - .... .. ...... ~ . '0' -t_ >r' f~ _ 



... 

where R is the specific gas constant, and / the specific heats ratio. Sub­
stituting for ~ from Eq. (A.8) and using the isentropic relations (Ref. 55) 
for P /P 0' and .. 'I1./TàJ we JfilÎlally obtain 

(A.14 ) 

where all quantities are in MKS units except P , which is expressed in torr. 
o 
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APPENDIX B 

The Mean Free Paths 

B.l Mean Free Path for Collisions Between Neutral Argon Atoms 

The concept of a mean free path emerges unambiguously only 
when a gas of rigid sphere molecules is considered. For more realistic 
force fields it is customary to define an equivalent mean free path in terms 
of the viscosity coefficienc of the gas (Ref. 56, p. 147), 

À = 16 
5 

(B.l) 

Equation (B.l) defines the neutral atom mean free path in this paper. For 
argon, 

1 

À 
-1 T2 

(B.2) 1.38 x 10 P(torr) f.l meter aa 

where f.l is in MKS units and P in torr. For T > 100oK, we may use Eq. (A.8) 
for f.l and obtain 

nÀäa ", . 2.~6(~o;~)7 ·· -CT ~2142) · m . 
For T < 100oK, the Lennard-Jones result for f.l was used, as described in 
Sec. A.2. 

B.2 Mean Free Path for Collisions Between Ar+ Ions and Ar Atoms 

The ion-atom mean free path is defined by 

1 

(B. 3 ) 

(B.4) 

where n is the number density of atoms, and Qia is the cross section for 
collisions between ions and atoms. In this case the appropriate collision 
cross section is the one associated with the binary diffusion coefficient D .. 
From Ref. 56 (p. 195), the mutual diffusion coefficient of species 1 and 2 l 

is related to the appropriate collision cross section by 

1 

In this particular case (nl + n2 ) is to a very good approximation equal _to 
the number density of the neutral atoms and both mI and m2 may be equated 
to the atom mass. Substituting into Eq. (B.4) and (B.5), we obtain 

8 

BI 

D. 
l 

(B.6) 



With Di taken from Eq. (A. 7), this becomes 

o .852 x 10-7 
p( torr) 

A comparison of Eqs. (B.7) and (B.3) yields the result 

À. la 
-:;;:-

aa 
0.320 

T + 142 
T + 11. 5 'Jf 

(B.7) 

(B.8) 

In other words, À ia ~ 0.3 Àaa over most of the temperature range of interest 
in the present work. 

B.3 The Mean Free Path for Electron-Atom Collisions 

relation, 
The electron-atom mean free path may be obtained from the 

À 
ea 

1 

where the collision cross section Q must be taken from empirical data or 
from quantum mechanical calculation~a(e.g. Ref. 33). The factor ~ which 
appears in the denominator of Eq. (B.4) is not appropriate in this case, 
where the electron moves in an essentially stationary target gas. 

B.4 Mean Free Paths for Collisions Between Charged Particles 

In a plasma where there are a great many particles in a Debye 
cube (cube with side equal to the Debye length), the conventional definition 
of a "mean free path" in terms of binary encounters becomes meaningless. 
However, Spitzer (Ref. 57) defines a "deflection time", tD, which represents 
the time in which a particle of mass m, charge Ze and speed v is gradually 
deflected through 900 by a number of small-angle def~ections: 

t = 
D 

1 
87m. P 2 v .inA 'f( vi cml ) 

1 0 

(B.10) 

Here, the unsubscripted quantities 
are fOllowing, and the subscript 1 
which the test particle interacts. 
wellian distribution of velocities. 
follows: 

refer to the "test particle", which we 
refers to the "field particles" with 
The latter are assumed to have a Max-
The notation in Eq. (B.10) is defined as 

number density of field particles 
zz~e2/4vEo mv2 (MKS units) 
ÀD!Po 1 

= (2kT/m)"2 
erf(x) -(1/2x2 )[erf(x) - x erfl(x)] 

(B.ll) 

The distance travelled by the test particle in the time t D may be used to 
represent its mean free path, i.e. 

1 (B .12) __ 

B2 

., 

, 



In the case of a group of thermal particles interacting with 
each other, Spitzer defines a "self-collfsion time" by giving v the root 
mean ~quare value for the group, (3kT/m)2. The quantity v/cm then becomes 
(3/2)2 and ~ takes the value 0.714. The corresponding mean free path, as 
defined by Eq. (B.12), is 

À 
00 n .in 11.. 

where arepresents either electrans or ions. In MKS units, with Z 1, 

where 

7 
11.. = 1.24 x 10 

n .in 11.. 

(B.13) 

(B.13b) 

(B.14) 

In Fig. B.l, the self-interaction mean free path is plotted in terms of n 
and T. 

By making use of the fact that me « mi' one can also show 
from Eq. (B .12) that À. ~ À and À. »À ..• el ee le 11 

B3 





M 
I 

E-
t> ..... 
CIl 
s:: 
Q) 

1J 

I.. 
Q) 

..a 
8 
:l 
Z 

• 

19 100 
10 

10
18 

1017 

10 16 

10-4 

" " 

250 

\. 
\ 

\ 
'\ 

\ 
1\ 

FIG. B . 1 

., 

500 
4000 

2000 3000 5000 10000 Temperature (oK) 1000 

'\.. 

" '\.. '\.. I' 
"- " " "\ I" 

'\ " I'- 1\ I'-

" 
"\ " r\. " 

, 
'fI... r-... ~ " 1\."- , 

~ 
, 

'" Î\ ~ I'\. '\ 

Î\. 
'\ \. '\ 1\ '\ ~ 1\ ~ ~ 

'\ ~ 
'\ 

'\ r\. '\ 
, , 

" " " 
, 

" '\. I" 
'\.. ......... " 

, , 1'\ ......... 

'\ " " '\. I' 1\ " '\ 1\ "-
, 

" "- , 

'" " I'\. '\ 1\ "''' 
, 

\. I\.. '\. 

'r-.. "" 
'\ '" \. 

~ 
, 

r'\ '\ 

" " "- '\ '" 1\ 
"-, , , 

" " " "1'\ "1'\ "1'\ '\ 
......... :, ......... '\.. :"-, 

'\ '\. \. "\ " "- "\ '\ "- \ .... \.. 

'" 
'\ 

" " 
'\ 

1\ 

~ ~ 
, 

"" 
I'\. 

\. [\" 
'\ \. 

10-3 10-2 10- 1 1 10 

Mean free path defined by 90° deflection (cm) 

THE ELEC TRON - ELEC TRON OR ION-ION MEAN FREE PA TH 





APPENDIX C 

Boundary Layer Calculation of the Ion Flux to the Stagnation Point Wall 

The steady, supersonic flow over the stagnation point region 
of a blunt, axisymmetric body has in the past decade been the subject of 
numerous investigations, both theoretical and experimental. When the gas is 
ionized, the general boundary layer problem is complicated by the necessity 
for solving the diffusion equations of the individual species simultaneously 
with the overall equations of motion. We shall here restrict our attention 
to cases where the degree of ionization is very smalle The charged species 
then make no significant contribution to the overall transfer of momentum 
and energy, and the problem separates into two parts: first, the determina­
tion of the flow field of the gas as a whole, and then the determination of 
the charged particle distribution which is consistent with that flow field . 
This problem has by now been quite thoroughly discussed in the literature 
(e.g. Refs. 42-45, 58-61), for on it depends the interpretation of the 
stagnation point Langmuir probe. We shall therefore merely outline briefly 
its formulation for the case at hand and obtain a numerical solution for the 
specific conditions of the experiments described in Sec. 6. 

The first aspect of the problem reduces to the solution of the 
compressible boundary layer equations of a one-component gas. At a very 
blunt stagnation point, these may be written in the form (Refs. 62, 63): 

Momentum: 

Energy: 

(Nf") , 

(
_ N 
- p ­

r -

o 
, 

g') +fg' =0 

where the derivatives are with respect to a similarity variable, ~ 

by 

~ ~r-L dy 
~5 0 P5 

and f' = u/u5 

g T/T5 

N P~/P5 ~5 

Pr Prandtl number 

t3 (d%/dx)x=O 

(C . l) 

(C.2) 

defined 

(C. 3 ) 

(c.4) 

The coordinates x and y and the velocity componenmu and vare shown on 
Fig. C.l. The symbol Ó used as a subscript denotes the outer edge of the 
boundary layer. Equations (C.l) and (C.2), with their boundary conditions 

f(o) f'(o) = 0 f' (00) 

g (00) 

Cl 

1 
(C.5) 

1 



define, together with the condition OP/Oy = 0, the properties of the neutral 
gas in the boundary layer. Numerical solutions for inert gases are given by 
Bade (Ref. 63). 

Once the overall flow field has been defined, the distributions 
of the charged minority species follow from the appropriate diffusion equa­
tions. Here we shall specialize to the case where electrons and only one 
species of ions are present, and where the flow is frozen in the sense that 
no recombination takes place in the gas itself (although the surface of the 
body is assumed, as usual, to have infinite catalytic efficiency for charged 
particle recombination). We assume further that the Debye length is smaller 
than the mean free path, and therefore much smaller than the boundary layer 
thickness . In other words, the thickness of the sheath adjacent to the surface 
is very small, and charge separation in the boundary layer is negligiple. The 
distribution of electron-ion number density, n = ni ~ ne , in the boundary 
layer is then governed by the equation (Refs. 44 and 61, for example); 

(S~ Z )~ + f Z' = 0 . 

where 

z= ~ 
TD7PT5 

and Sc = ~/p Da is the Schmidt number based on the ambipolar diffusion 
coefficient . The boundary conditions for Eq. (c.6) are 

Z(o) = 0 Z( (0) 1 

(c.6) 

(c.8) 

let N/Sc 
Equation (c.6) can be solved formally as follows: first, we 

k(~), say and throw the equation into the form 

z" +( k'k+ f) Z' 

Integrating once, we have 

o 

z' = Z'(o) ~~~~ expo [-l~ ~ d~ ] 

Integrating once more and app1ying the 'boundary condition Z(oo) 
obtain the formal solution 

Z' (0) k( 0) I
~ 

where 
Z' (0) 

1 
k expo [ -f ~ 

1 

(C.10) 

1, we 

(C.ll) 

(C.12) 

Now the quantity we are interested in, the ion flux to the 
wall, is determined entirely by the ion concentration gradient when the body 
is floating electrically (Ref. 61). The electron-ion diffusion flux at the 
wall is then given by 

C2 

... 

• 
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r == (n v) w w - p D 
a (C.13) 

w 

where V represents the diffusion velocity common to both charged species. 
Expression this flux as an equivalent current, j == er, and transforming 
to the variables of the similarity solution (c.f~ Eqs. (C.3) and (C.7) ), 
we obtain (dropping the sign) 

J' == e n Da 
w 5 w ~

~p 
5 Z'(o) 

IJ. 5 
(c .14) 

The value of Z'(o) must be obtained from a solution of Eq. (C.12) with f and 
g taken, from data appropriate to the experimental conditions. Now the 
quantity k, being defined by 

N 1, 
Sc == SC5 k == 

2 
p 

P52 (C.15) 

is in general a complicated function of g. For our present purposes, we shall 
sacrifice some rigour in favour of substantial simplification by making the 
following two assumptions: 

T »T 
e 

(c.16) 

(C .17) 

Equation (c.16) applies rigorously when the ion is not of the same species as 
the neutral atoms, for example, or when it is the molecular ion in its atomic 
parent gas (Ref. 64). rt is also a reasonable approximation for Ar+ ions in 
Ar when the temperature variation is modest, as was the case in the present 
experiments. Nor is Eq. (C.17) a bad approximation for the experiments of 
Sec. 6. 

With these two assumptions, k reduces to 

k == 
1 
g 

and equations (C.ll) and (C.12) assume the forms 

Z Z'(o)!T] gexp 
g( 0) 0 

Z' ( 0) =--------'=g'-'-( ~o )'--T]--:',---­

[ g exp r -Sc5 Ia g f dT]"J dT]' 

(C .18~ 

(C .19) 

(C.20) 

Dr. W.L. Bade of the Research and Advanced Development Div~ ion of the Avco 
Corporation supplied the author with numerical values of f and g, in intervals 
of 6T] == 0.1 from T] == 0 to T] == 9, for g(o) == 0.8 (a good approximation fo§ 4 
the experiments, where g(o) was 0.85) and a viscosity coefficient varying T / 
(a good approximation for argon). Using these data, Eqs . (C.19) and (C.20) 
were evaluated for series of values of SC

5 
between 0.1 and 3. The calcula-

C3 



tions were performed by D.P. Jackson of UTIAS on an IBM 7090 computer, using 
Simpson's rule. The results for Z'(o) are shown in Fig. C.2. Figure C.3 
shows profiles of Z, plotted against the dimensionless distance (c.f. Eq, 
(C.3) ) 

. y (C.21) 

rather than the variabIe ~ itself, which is nonlinearly related to the 
physical distance y. Here we see clearly how the thickness of the electron-
ion diffusion layer varies with the ambipolar Schmidt number, SC5 When 
SC5 is about unity, this layer has approximately the same thickness as the 
overall boundary layer. When SC5 «1 , on the other hand - as is the case 
when Te » T - the diffusion layer penetrates considerably f~ther than the 
ordinary boundary layer. The maximum value of SCi (see Appendix B) is below 
3 for Ar+ ions in Ar, at least for gas temperatures below 1200oK, and hence 
Sc would have a value of only 1.5 even if the electron and ion temperatures 
were equal. 

In order to complete the evaluation of Eq. (c.14), we also 
require a value for~. It is through this quantity that the nose shape of the 
body influences the solution (see Ref. 65). Following Brundin (Ref. 44), we 
use Shugayev's (Ref. 66) expression for ~ for a flat-nosed cylinder: 

where 

v 
00 

a 

A 

1 l 1 2 
4 A + ~~==~ 

,J A(l+ 1) 

1- 1 
- ( 1 + 

2 --1+ 1 1- -I 

1 

r {l+ 12
2 

] 
1 -1 

Ij: 1 -
1 

a 

1 - a 

1 ) M2 
00 

a( 1-1 1 ) 1-1 
1 '- -- W 2 

00 

] (C.22) 

Here, Ys denotes the shock detachment distance at the stagnation point, M 
the Mach number, 1 the specific heat ratio, and voo the velocity, directed 
toward the stagnation point,of the undisturbed flow upstream of the bow shock. 

Remaining consistent tothe high Reynolds number limit implicit 
in the boundary layer theory, we use Serbin's (Ref. 67) empirical expres sion 
for the shock detachment distance 

0.515 
(C.23) 
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rather than our experimenta11y measured values. 
of Eqs. (C.22) and (C.23) gives, for 1 = 5/3, 

v 

~ = 0.536 D 
00 

For M = 2.2, a combination 
00 

(c.24) 

Furthermore, assuming that TB = T ,using Eq. (5.3) for Y 00 ,Eq. (A.S) 
for ~, Eq. (A.7) for D. we obtaig from Eq. (c.14), for M = 2.2, 

1, 

5.50 x 10-22 1 

jw (T + 142)2 

(1 + ~: ) 
T 

0 0 Z' (0) 
n I I I 

D2 T2 + 11.5 [P (torr)] 2 
w w 

ampere-metre (C.25) 

where Z'(o) is given in Fig. C.2 . 
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