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FEASIBILITY STUDY TO DETERMINE METHODS OF MEASURING 
THE TEMPERATURE OF A MOLECULAR BEAM 

By J.E. Hueser and P, Fowler 
Norton Research Corporation 

SUMMARY 

A basically different approach to the measurement of plan- 
etary atmospheric parameters, for example, the temperature of 
the Earth's thermosphere, is presented, The measurement util- 
izes a molecular beam sampling inlet together with techniques 
for establishing the temperature based on the properties of 
the beam, The choice of a particular instrument geometry as 
well as the selection of specific experimental apparatus are 
discussed in relation to three detection systems: 1) the met- 
astable time-of-flight, 2 )  the flux angular distribution, and 
3 )  the retarding potential energy distribution analysis tech- 
niques 

Theoretical predictions are presented for the measurement 
sensitivity of the detection systems as well as discussions of 
simultaneously occurring noise signals, for example, the signals 
due to photon flux and neutral background flux., Data are pre- 
sented for computer calculations of the theoretically predicted 
signal, which indicate that temperature measurements are pos- 
sible at atmospheric densities of lo1' cm-3 which corresponds 
to measurements i n  the thermosphere at an altitude of about 170 

It is concluded that the results are sufficiently encourag- 
ing that experimental verification under simulated conditions 
of the high speed probe be undertaken, 



1 e INT.RODIICTI0.N 

Thermospheric neutral gas molecular temperatures have been 
established from analyses of satellite and rocket-borne mass 
spectrometer data in either of two ways: 

from analysis of the amplitude modulation of 
the density of one of the atmospheric constit- 
uents in a cavity, alternately experiencing 
ram and wake entrance conditions due to the 
spin of the instrument, or 

from a comparison of the measured density versus 
altitude to that obtained theoretically by in- 
tegrating the hydrostatic equation for an ideal 
gas in equilibrium. 

the latter ase, determination of the actual temperature 
distribution requires either assuming a value of the temperature 
at some altitude or comparing the density gradient for several 
assumed temperatures to an accepted model of the atmosphere, or 
a combination of both. These methods suffer from errors due to 
horizontal gradients, effects caused by departure of the profiles 
frcm those corresponding to the assumed model, and to non- 
equilibrium effects. 

In the former casec the temperature distribution is derived 
by comparing the measured cavity density with that expected for 
a cavity, usually having an ideal aperture entrance, moving with 
known speed and angle of attack through a Maxwellian gas. 
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Temperature measurements inside a cavity with a small en- 
trance orifice have been discussed by Schultz, Spencer and 
Reifman (ref, 1) and by Patterson (ref. 2). Analyses of density 
measurements made with semi-open mass spectrometer ion sources 
have been presented by Hedin, et.al. (ref. 3) and by Niemann and 
Kreick (ref. 4). Nier, et.al. (ref. 5) and Hedin and Nier (ref. 6) 
have discussed the method of deriving temperature from knowledge 
of the density variation with altitude. 

In the case of density measurements with a nearly closed 
cavity, the molecular flux comes into temperature equilibrium 
with the cavity walls, For measurements with a semi-open type 
ion source, there is partial accommodation of the molecules with 
the ion source surfaces; the gas-surface interaction varying from 
one gas to another in a way that is not, at present, well under- 
stood. Niemann and Kreick (ref. 49 have defined and analyzed 
six different input contributions of molecules to the mass 
spectrometer ion current. Their analysis indicates, for large 
instrument speeds relative to the atmospheric thermal molecular 
speeds, that the number of molecules ionized in a semi-open 
source which have not experienced a previous surface collision 
is negligible compared with those that have had at least one 
surface collision. 

Because of the uncertainty in the prediction of the gas- 
surface interaction processes, coupled with the high probability 
for surface collisions in the 'ion source and the requirement for 
assuming an atmospheric model or a boundary temperature to derive 
atmospheric temperature from density data, it is advantageous 
to explore other techniques for gas samplihg and atmospheric 
temperature measurement. In a previous feasibility study on 
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aethods of sampling planetary atmospheres (ref. 71, it was 
concluded that the method which avoided most of the above 
problems utilized an inlet which provided the sample in the 
form of ah unscattered molecular beam, 

In this reportl discussions will be presented of three 
methods-for determining the atmospheric temperature base& on 
measurements utilizing a molecular beam inlet system: 

e The first technique discussed is the metastable 
time-of-flight (MTOF) detection system, in which the 
temperature is derived from comparisons of the 
measured TOF signal wave form with that predicted 
from theoretical considerations of the drifting 
Maxwellian velocity distribution. 

e The qecond method is based oh the measurement of 
the spatial distribution of the molecular flux trans- 
mitted through the inlet system. 

0 The third method is based on the measurement of 
the energy distribution of the transmitted molecular 
flux using a retarding potentiql ion energy analyzer. 

Although no actual flight data was foundl similar tech- 
niques to the ones to be discussed have been proposed for 
measuring the temperature in the Earth's atmosphere. 
a method utilizing the time-of-flight measurement was proposed in 
1963 by Leonas (ref, 8) and later by Locke and French (refs. 9 and 

For example, 

10) in 9966 and 1969; a method based on the flux distribution has 
been proposed by UTIAS (ref. 11) and, although not proposed for 
a flight experiment, the retarding potential ion energy analyzer 
has been used by Heil and Scott (ref. 12) to measure the tempera- 
ture of ion beams. 
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2 .  GENERAL STATEMENT OF THE PROBLEM 

Having established that a beam experiment is to be pre- 
ferred over the ram probe (thermal equilibration volume), it 
is appropriate to discuss, in general terms, a typical ex- 
perimental arrangement. Presented in Fig. 1 is a schematic 
representation of a typical flight experiment showing the 
three main sections of the temperature measurement portion 
of the total instrument package. There will, of course, be 
additional instrumentation (such as electronics, pumps, tel- 
ementry) complementing this measurement as well as additional 
apparatus for the measurement of necessary auxiliary parameters 
for the final determination of the temperature. These will 
include instruments to determine the vehicle speed, anfile of 
attack, density, and composition. 

The temperature measurement apparatus is composed of three 
main sections: 1) the inlet, which provides a collimated beam 
of neutral atmospheric molecules, 2 )  the interaction region, 
which is the source of excited or ionized particles to be used 
in the identification, analysis and discrimination process, and 
3 )  the detector, which, together with the necessary electronics, 
converts the incident flux of particles from the source into an 
identifiable signal which is later transmitted to Earth for 
analysis. 

5 
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Fig. 1.- Schematic r ep resen ta t ion  of a t y p i c a l  
f l i g h t  experiment. 
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In considering these three major divisions, emphasis will 
be placed on discussions of processes occurring in the inter- 
action region and at the detector; the inlet will be considered 
with less detail, since it was evaluated in a previous report 
(ref. 13). Discussion of the detection and transmission 
electronics will be deferred until the detection scheme has 
been more selectively defined. 

Since a11 of the measurement schemes have one component 
in common, the molecular beam forming inlet, the pertinent 
properties and operating conditions appropriate to the inlet 
will be described first and then the assumed conditions on which 
the calculations and discussions of the various detection system 
sensitivities are based will be presented. 

2.1 INLET SYSTEM 

2.lil General Discussion of a Low Density Beam 
Forming Ihlet System 

The geometrical dimensions and the design considerations 
which are incorporated in the choice of a sampling system are 
influenced rather strongly by the range of densities to be en- 
countered ahd the range of speed ratios (this parameter being 
influenced both by the range of gas temperatures and vehicle 
speeds). After consideration of these multiple requiremehts 
and in an attempt to satisfy the operating conditions of the 
majority of the anticipated systems, it has been concluded 
that the most appropriate inlet system would consist of a 
number of thin conically shaped collimators, rigidly positioned 
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into a coaxial assembly by support webs as shown schematically 
in Fig. 1. This type of inlet was chosen because the majority of 
the measurements are to be made at rather low density and it 
will, therefore, be required that the inlet diameter be large so 
that a measurable total flux enters the system. The use of a 
tube or bundle of tubes for the inlet (considered as the ap- 
propriate inlet for the measurement discussed in refs. 7 and 13) 
is inappropriate in the case of a large diameter inlet because 
as the inlet difi-etef-ihcreases, at fixed length-to-diameter 
ratio, the attenuation of the primary flux increases due to 
the longer path length the molecules must travel through the 
diffuse scattered gas contained inside a tube. Therefore, the 
tube has been rejected in favor of a series of "orifices". In 
the case of the conical shaped skimmers, the mjority of the 
gas which would have made up the diffuse gas gensity in the 
tube has either passed directly or has been deflected into the 
atmosphere through the aft facing annular shaped ducts. However, 
it is to be emphasized that, even though this type of inlet 
system will be assumed and discussed quite freely throughout 
this report, the final choice of the geometrical dimensions 
and configurations will be dictated by the specific requirements 
of the experiment selected. 

2.1.2 Specific Properties 0,f The Inlet System 

2.1.2.1 Collimation.- The inlet system described above 
provides a collimated, unscattered, free-molecular beam of 
neutral molecules entering the analysis section of the probe. 
The collimation is both necessary and expedient. It is neces- 
sary in order to reduce the required instrument cavity active 
pumping, an operation which is performed to avoid the at- 
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tenuation of the primary beam which would otherwise occur in 
passtWj through the rather dense scattered background gas. It 
is expedient because the flux which has been stripped away would 
be ineffective in the measurement, since it represents flux passing 
through the inlet orifice into solid angles greater than that 
subtended by the detector, The collimation, on the other hand, 
reduces the total system sensitivity since it requires physical 
separation of the inlet and the interaction region and it also 
limits the measurements to angles of attack which are less than 
the plane half angle corresponding to the solid angle subtended 
by the detector. 

.-The trade-offs between the need to 
improve the collimation of the molecular beam and he desire to 
maintain a large total flux and, thence, signal will depend upon 
the detection system chosen and the conditions of the experiment 
to be performed. For the detection systems to be discussed, the 
measurement capability depends, in part, on the velocity of the 
vehicle relative to the stationary gas, and in the case of a high 
relative velocity there is a concentration of the transmitted 
flux along the axis of the vehicle velocity vector. It is, 
therefore, necessary that the instrument axis coincide with the 
vehicle velocity vector (ioea, zero angle of attack) if the signal 
is to be maintained at a measurable level. For those systems, 
such as the MTOF,detection system! which utilize axial detectors 
subtending a small solid angle, the signal rapidly decreases as 
the anglte-af-a&taakL increases; and when the angle of attack exceeds 
the maximum transmission angle of the inlet system (approximately 
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14O for the inlets discussed in this report), the transmitted 
flux goes to zero. In addition, the openness of the venting 
ducts between the conical collimators permits exterior molec- 
ular flux to enter the instrument region as the angle of attack 
is increased. For these reasons, it is desirable that the angle 
of attack be maintained near zero and it will be assumed in 
further discussions that it is zero. 

2.1.2.3 Flow properties. - The fact that the density 
remains quite low over the entire measurement range and also 
that the inlet is formed from a series of collimating orifices 
has reduced the calculation of transmission probability of the 
primary flux to evaluations of the geometrical transmission 
function. As pointed out by Ivanovskii (ref, 14), there is 
a rather strong radial dependence in the distribution of the 
primary flux (or density) for small values of L/D , as well as 
the axial variation which has a specific dependence upon the 
speed ratio (S = U/v,). vowever, as L/D increases (the so l id  
angle subtended by the detector becomes smaller), the radial 
flux distribution for the detector solid angle becomes uniform. 
evertheless, there is still a strong radial dependence for 
larger solid angles even at large values of L/D, as will be 
pointed out in section 3.2. The expression derived by Ivanovskii 
for the axial density (nl) I due to the flux transmitted through 
a tube, as a funeizion of the transmission angle 
and the speed rabio S ( S  z U/v,) , in terms of the atmospheric 
density (no) , is: 

e o ( f l 0  5 tani-’ R/L) 
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Data has also been generated (see ref, 13) for the geometrical 
transmission function using the approximations that S2 10 and 
tan @ sin @ @ , where Cp 5 tan-l D/L. In this case, 

where X 2 L/D, Presented in Fig. 2 are the data f o r  the varia- 
tion of the axial density normalized wfkh respect to the un- 
disturbed atmospheric density as a function of the separation 
from the inlet orifice expressed in terms of LID. Curves for 
various values of S have been presented, The data presented are 
both that of Ivanovskii and also of the geometrical transmission 
function ,, 

2.2 INTERACTION REGION 

Having established the means for providing a sample of the 
atmosphere for analysis which has the same properties as the 
undisturbed atmosphere, it is appropriate to ask the question: 
What measured, temperature dependent parameter will yield an 
accurate determination of the gas temperature and yet will re- 
tain sufficient sensitivity for measurement over a significant 
range of densities? This inquiry is the basis of t h i s  fea- 
sibility study and the answer will provide the necessary direc- 
tives for the design of an appropriate experimental apparatus 
for the measurement of this parameter. However, this choice is 

11 
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F i g .  2.- Normalized axial density vs length-to-diameter ratio. 
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not a straigh n process because the measurement 
is to be made from a high speed vehicle (either a rocket, sat- 

ite, or entry robe), This relative motion imparts a high 
velocity bias to the particle energy or momentum and, therefore, 
the selection pro ess is reduced to a relative evaluation of 
methods for separating this vehicle velocity bias from the mol- 
ecular parameters or making the temperature measurement in terms 
of the dynamic flow properties of the gas which arise, in part, 
as a result of the velocity bias. 

which has passed through the inlet-sampling system 
enters the instrument cavity as a collimated beam of neutral 
particles. It has been assumed that some mechanism has been 
employed to remove the charged atmospheric species and that 
attempts have been made to minimize the photon flux so that 
the beam entering the instrument cavity is composed of ground 
state neutr 1 molecular and atomic species (the primary Earth 
atmospheric constituents, for example, are atomic and molecular 
oxygen, molecular nitrogen, helium, and argon; the latter two 
being less than 1% of the total number density in the altitude 
range 120-300 km), Since it is not the primary purpose of 
this report to discuss the effects of different gas species, 
it will be assumed that the atmosphere is molecular nitrogen. 
In those cases where the gas species directly influences the 
particular result, the effects of gas composition will be con- 
sidered in more detail. 

The interactio region is considered as a spatially and 

se physical char teristics are uniquely established and are 
temporally well-def ed volume providting a source of particles 

elated to measured system parameters e The interac- 
tion process provides the means of specifying the state of a 
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statistically representative fraction of the total number of 
particles which exist in he interaction volume at any instant 
in time. It i s  possible, therefore, with previous knowledge of 
this state of the particles which leave the interaction region, 
to select a suitable detector which can discriminate between the 
particles arriving on the basis of this known state. The cholce 
of an experi ntal scheme which allows the necessary spatial 
definition and affords the means f o r  specifying the state of the 
particles depends not only on the choice of the temperature de- 
pendent parameter and the ability of the experimental apparatus to 
accurately measure the parameter without introducing systematic 
errors but also depends, to some extent, on the suitability and 
applicability of the technique to flight hardware, It is, there- 
fore, desirable to aim for compactness, simplicity, and ruggedness 
insofar as this can be achieved without sacrificing accuracy. 

2.2,1 Interaction Processes 

In most of the experimental measurements, &he interaction 
process consists of some method of producing and specifying the 
final energy states of the emerging moiecular or atomic particles. 
The three principal classes of final energy states or electro ic 
configurations to be discussed are ionic, radiating, and metast- 
able, In the case of ion detection schemes, the fact that the 
particles are charged provides the necessary detection discrim- 
ination, and the internal energy of the particles is not of pre- 
dominant importance; but in the other two cases, the internal 
energy state is the only means of discrimination. This imposes 
more stringent requirements on the detector and also on the source 
of excitation since energy spread becomes an important consider- 
ation, For example, in the case of a source with even minimal 
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energy spread, the number and the idenkity of excited states 
produced is difficult to predict because of uncertainties in the 
absolute energy of the electron source and because there are, in 
general, a number of energy levels whose spread is within the 
energy spread of the source, Additional.discrimination is, 
therefore, necessary at the detector in order to isolate a 
particular energy state, 

2 . 2 . 1 , l  Photoexcitation,-Of those sources available which 
provide a method of producing excited or ionic energy states, 
the two most commonly used in low energy applications are electron 
impact excitation and photoexcitation, each having distinct ad- 
vantages depending on the specific application. In those cases 
where resolution and precise energy definition are of primary 
consideration, photoexcitation is to be preferred because the 
source can be made nearly monoenergetic by using either narrow 
pass filters or a monochromator, It has.been eoncludea, how- 
ever, that the disadvantages are such that they exclude the 
use of a photoexcitation source, Some of these objections are 
listed below: 

1, Photoproduction of metastable states can be aceomp- 
lished only by second order phenomena such as ra- 
diationless collisional de-excitation or cascade 
transitions from upper allowed energy states, There- 
fore, the production efficiency is greatly reduced, 

2. The efficiency of photoionization and photoexcitation 
is generally lower than that corresponding eo the 
equivalent electron impact process, See Fig, 3 ,  for 
example ., 
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3 .  For photoionization of the atmospheric gases, 
sources producing radiation in the wavelength 
region of 500-1000 A are required. For the 

the source requirements. are not quite so de- 
manding; but the radiation necessary is gen- 
erally still in the ultraviolet region, 
Sources of variable wavelengths in this region 
generally imply high pressure discharges and 
quartz or grating instruments. This fact, to- 
gether with the inefficiency of such sources 
and the high power requirements make them un- 
attractive for flight applications. 

0 

citation of the lower lying radiating states, 

2.2,1.2 Electron impact excitation, - The use of electron 
impact ionization or excitation, on the other hand, should not 
be considered a secondary or alternate choice because of the 
nonapplicability of photoexcitation, It is, in fact, the most  

widely used and discussed method of investigating the Structure 
and properties of atoms and molecules. In addition, it is more 
efficient, less demanding from an experimental standpoint, and 
is more suited to the specific requirements of the present 
problem, especially concerning the applicability to flight in- 
strumentation, In considering the geometry of the electron im- 
pact source, it has been concluded, since a serious attempt has 
been made to avoid possible sources of scattering the primary 
beam of neutral particles which have passed through the probe 
up to this point, that the definition of the interaction region 
in terms of a volume whose spatial extent is determined by a grid 
structure, even though considered to be transparent, should be 
avoided. This motivation leads quite naturally to the choice 
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of a crossed-beam configuration. 
operational parameters, and, in general, the detailed design of 
the electron source has not been attempted, However, some of the 
anticipated problems to be encountered in the design of the elec- 
tron impact source are as follows: 

The geometrical configuration, 

1. The metastable source and detection system is 
critically affected by the operational para- 
meters of the electron gun, since the re- 
quirements are for a low voltage, high elec- 
tron flux density, minimal energy spread gun. 
These requirements tend to be mutually exclusive. 
Therefore, an appropriate balance must be achiev- 
ed in the design of the source. 

2. The measurement sensitivity of the detection 
systems is directly related to the electron 
flux density, so it is desirable to maximize 
this quantity. 

3 .  The demands on the control of electron source 
parameters in the equivalent ion experiment are not 
so severe, since the energy definition is not as 
critical and the accelerating potential is con- 
siderably higher ( C100 volts), thereby reducing 
the effects of electron space charge and increas- 
ing the electron flux density. 

0 

4 .  One of the necessary conditions for the meaning- 
ful prediction (and later, successful calibration 
and data correlation analysis) of the sensitivity 
and resolution of the measurements, as related to the 
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interaction processes, concerns the knowledge of the 
spatial extent or dimensions of the electron beam, 
having assumed that the neutral beam is well defined, 

he calculations to be presented, it will be 
assumed that the electron beam is a parallel stream 
of monoenergetic particles. TFe extent to which 
this simplification can be approached in reality 
is largely a €unch-on of how well electronic 
space charge and energy spread can be controlled 
or suppressed. 

.2.1.3 Recoil effects. - In order to estimate the magnitude 
of the momentum recoil effects and the resulting perturbation 
of the molecular velocity distribution as a result of the electron 
impact excitation, calculations were made for the conditions of 
a high speed probe, assuming that the electron gun was operated 
near the threshold energy. Since the translational momentum of 
the neutral beam, in the case of a moving vehicle, is signifi- 
cantly inareased in comparison with that of a thermal laboratory 
beam, the maximum recoil angle is reduced accordingly, It was 
concluded that the momentum recoil effects due to the electron 
impact excitation of the major atmospheric components of interest 
to this discussion are negligible, using the assumed parameters 
of the flight experiment to be discussed in section 3 .  

2 . 2 . 2  Products Resulting From The Interaction Process 

As was mentioned earlier, the assumption has been made that 
the atmosphere is molecular nitrogen. In reality, the atmosphere 
to be probed is a multicomponent mixture and the separation of 
the components, so that a temperature measurement can be ac- 
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complished, is no a straightforward process. However, a complete 
discussion of a single component will display the relevant 
characteristics of the temperature measurement, problem, and the 
extension of the analysis to include the other constituents can 
be made at a later time. 

The main purpose of this section is to provide an estimate 
of the electron impact cross-section as a function of electron 
energy and of the lifetimes for those electronic energy states 
of molecular nitrogen which will enter into the measured 
signal at the detector. This data, when coupled with the de- 
tector sensitivity, will allow an estimate of the toea1 detec- 
tion system sensitivity at a specific electrlron energy. Since 
the electron impact cross-sections for the ionization of the 
atmospheric gases have been experimentally determined (see for 
example, Kieffer and Bunn, ref. 151, there is no need for addi- 
tional discussion. This section will, therefore, consist of 
discussions concerning the electron impact cross-section for 
the production of neutral, excited energy states. 

In order to maximize the signal, it is desirable to include 
as many of the electronic excited states as possible. However, 
in so doing, it must be established that those states included 
either radiate rapidly or are metastable (metastable in this con- 
text means that the lifetime is long compared to the flight time). 
The inclusion of excited states with intermediate lifetimes im- 
poses a time dependence an the detector signal, since these 
molecules can arrive at the detector in the excited state or can 
radiate at some point along the flight path, depending on their 
velocity (distributed according to a Ma ellian distribution). 
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Since the total e citation cross-section as a function of 
electron energy is the parameter of interest, it is more ap- 
propriate to base the estimate of the cross-section on experi- 
mental results than to attempt an analytical solution, because 
complex cascade transitions become important as the electron 
energy is increased and there is little information available 
for the transition probabilities from the vibrational energy 
states. Towards this end, some of the experimental results of 
measured excitation functions for N, which have been established 
using the techniques of crossed-beam excitation and metastable 
detection w i l l  be evaluated. There are, hQwever, significant 
differences between the excitation functions generally described 
in the literature and those to be expected in the flight measure- 
ment. Some will become evident as the results are presented; 
others will be discussed later. 

Presented in Fig. 4 are some of the excitation functions 
for metastable molecular nitrogen beams which have appeared in 
the literature, These generally contain a variety of experi- 
mental conditions, a change in any one of which could cause 
noticeable differences in the data. The more important para- 
meters are: 1) type of detector, 2 )  source conditions, such 
as electron energy spread, beam definition, beam density and 
electron flux density, 3)  excitation source-to-detector separa- 
tion, and 4) background effects. 

A discussion of the detector sensitivity is contained in 
the following section of this report. However, it has also 
been discussed recently by Clampitt and Newton (ref. 20) and 
it is their conclusion that the secondary electron emission 
coefficient varies with the excitation energy of the interacting 
particle (in their case N2 metastables), at least for a detector 
surface with an evaporated cesium layer. It can be postulated 
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that similar differences could be caused by almost any film 
deposit or adsorbed gas layers. It is, therefore, quite dif- 
ficult to correlate the literature data for excitation functions 
of N2, since in no cases were procedures discussed for establish- 
ing or controlling the conditions of the detector surface. 

In establishing the absolute cross-section, it is, of course, 
necessary to know and control the conditions in the source, The 
details of the source will not be discussed except to say that 
the parameters must be controlled and measured on an absolute 
basis, which is realized to be a difficult task. The electron 
energy spread probably affects the shape of the excitation func- 
tion more than any other parameter, since it establishes the 
resolution which is attainable. Because of the energy spread, 
the peaks become blended into a generally smooth curve which 
results from the overlapping of the individual peaks (see the 
curves of Fig. 4). 

One of the basic differences bekween the observed excita- 
tion curves derived in metastable time-of-flight systems is the 
excitation source-to-detector separation. If the source con- 
ditions are kept constant and the separakion increased (average 
flight time increased), the effects of cascade from the radiat- 
ing states to the metastable states is quite pronounced, since 
only the "long lived" states remain upon arrival at the detec- 
tor. This effect has been demonstrated by Freund (ref, 21) and 
his results are presented in Fig. 5, Bather than change the 
separation, he has presented the excitation functions for vari- 
ous delay times after excitation. The feakures of these curves 
which affect the present discussions are the decaying peaks at 
12.3 eV and 1 .5 eV, which Freund associates with the E3 z i- 

and the al, states, respectively. (The tail of the 500 psec 
curve is due to He metastables, arising from the "seeded" beam 

g 

g 
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used in the generation of this curve,) .Since the radiative life- 
times of these states are considerably shorker than the minimum 
delay curve presented, it is probably,safe to assume, for flight 
times much shorter than 500 psec, that the structure will be 
dominated by these and possibly other "short lived" states, 
This, in fact, is the situation for the flight experiment, since 
the average flight time is of the order.of tens of microseconds 
due to the velocity bias, This, of course, requires a redefini- 
tion of the meaning of metastable, sinee.some of those states 
which are normally considered as radiating must now be consider- 
ed as metastable, 

Since there are no experimental daka available to accomplish 
this extension of Freund's analysis, the discussion and con- 
clusions will be based on those states which were predominant in 
his interpretation of the "normal" metastable excitation function, 
namely the A3Zu$ , B37r 
Presented in Figo 6 is a simplified energy level diagram for 
molecular nitrogen which shows the relative positions of these 
electronic energy states with respect to the ground state, 

, C3rU , E3Z ' , and a;, states, 
g g g 

Freundas discussion and interpretation includes some of the 
above factors influencing the shape of-'she observed excitation 
functions. Based on his excitation functions derived from 
metastable detection, excitation functions derived from optical 
emission spectra (ref, 232, and knowledge-of the lifetime of 
the states involved, he assigned specific energy states or cas- 
cade transitions to each of the observed-peaks, These results, 
together with the apparent excitation cross-section measurements 
of Stanton and St. John (ref, 24) and those of Zapesochyni and 
Skubenich (ref, 25), allowed the estimate of the maximum value 
of the cross-section for the B3v and A3Z 3. states. Freund g U 
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Pig. 6.- Energy l e v e l  diagram fer molecular n i t rogen  
showing only t h e  levels of i n t e r e s t  (ref. 2 2 ) .  
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concluded that the cross-sections are of the same order of 
magnitude and approximately equal to em2* Presented in 
Table I are the pertinent data for the energy states of mol- 
ecular nitrogen relevant to this analysis. 

Since the E 3 C  + state has decayed substantially in the 
"normal" metastable detection system, it is difficult to assess 
the excitation cross-section for flight times appropriate to the 
flight detection system. The trapped electron excitation spectra 
of Rempt (ref. 2 4 )  havel therefore, been taken as an indication 

8 

of the relative cross-section of the E3C * and the B 3 a  states, 
It is concluded that the cross-section for the E3Z n + state is 

g g 

5 
approximately twice that of the B2n. 

being a sharp resonant peak occurring at approximately 11.9 eV. 
maximuml the E 3 C  -t. state 

g g 

The apparent e citation cross-sections of the B'T and 
g 

C4nU states reported by Stanton and St, John (ref, 2#), 
Zapesochyni and Skubenich (ref. 251, and McConkey and Simpson 
(ref. 2 8 )  are in fair agreement with those calculated by Green 
and Barth (ref. 9) and by Stolarski et. a1 (ref, 30). See 
Fig. 4 *  There is also parkial confirmation of Stolarski's 
calculated cross-section €or the aln. 
measurements of Holland (ref. 31). (I 

state by the high energy 
g 

Based OM these e perimental data €or the excitation cross- 
sections and life imes of the predominant energy states of 
molecular nitrogen, he following observations with regard to 
the proposed metastable detection system can be made: 
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1. Assuming that the average fligh.t:,time is 30 psec 
(the flight time depends primarily on the vehicle 
velocity), the A3C + ,, E3C + and alr states are 
metastable. The C3ru.state.is.a rapidly decaying 
peak which cascades into.the.B3n state. The B3r 

g g 
state is to be considered.in.the intermediate cat- 
egory; those molecules which radiate will contribute 
to the A3Zu+ state through cascade transitions. 

2.  Since the excitation cross-section of the B3r and 
E3C + states are the greatest, it-is appropriate to 
choose an electron energy which maximizes the two and, 
hence, the total excitation cross-section. The 
E3Z ? being a resonant.peak means that the electron 
energy should be peaked on.it; thus, approximately 
12 eV is the desirable value.. This effectively reduces 
the population of the C3ru state and, hence, reduces 
the photon flux. 

U g g 

g 

g 

g 

3 .  The total excitation cross-section.can be conservatively 
estimated as 5 x cm?, considering that the 
B 3 r  .state is a partially decaying state and also that 
there is some uncertainty in the cross-section of the 
E3Z + state. 

€3 

g 

2.3 DETECTOR 

At this point in the generalized-discussion of the apparatus, 
a sample of the undisturbed atmosphere has.passed through the 
inlet system and with a suitable.skinuning process was formed into a 
well defined molecular beam. The resulting beam passed an inter- 
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a c t i o n  reg ion ,  formed by t h e  i n t e r s e c t i o n  of t h e  n e u t r a l  beam 
and t h e  e l e c t r o n  beam, which served t o  i n i t i a l i z e  or spec i fy  
a s t a t e  or parameter of a d e f i n i t e  group of p a r t i c l e s .  The 
beam subsequently a r r i v e s  a t  t h e  d e t e c t o r .  The purpose of t h e  
d e t e c t o r  i s  t o  i so la te  and r e g i s t e r  t h e  beam of p a r t i c l e s  according 
to  a s p e c i f i c  process ,  exc lus ive  of a l l  o t h e r  competing processes .  
This  d i sc r imina t ion  i s  poss ib l e  through t h e  c o r r e c t  choice of t h e  
s p e c i f i e d  parameter and d e t e c t i o n  scheme.. 

For t h e  p r e s e n t  d i scuss ions ,  t h e  t o p i c  t o  be considered i s  
an  eva lua t ion  of t h e  secondary e l e c t r o n  y i e l d  f o r  t h e  var ious  
combinations of p a r t i c l e - s u r f a c e  i n t e r a c t i o n s  toge ther  w i th  t h e  
e f f e c t s  of adsorbate  and angle  of incidence on t h e  y i e l d ,  Since 
t h e  est imated secondary e l e c t r o n  y i e l d  and condi t ions  a f fec t ing  
these  est imated y i e l d s  are of primary i n t e r e s t ,  it w i l l  be assumed 
t h a t  t h e  d e t e c t o r  c o n s i s t s  of a simple t a r g e t  or e l e c t r o d e ,  
knowing t h a t  i n  r e a l i t y  it w i l l  probably c o n s i s t  of a more complex 
geometry such as a sh ie lded  Faraday c o l l e c t o r  o r  an e l e c t r o n  
m u l t i p l i e r .  The  t o p i c s  covered w i l l  be l i m i t e d  t o  d iscuss ions  of 
metastable-surface i n t e r a c t i o n s  although competing processes ,  f o r  
example, photoemission and secondary e l e c t r o n  emission due t o  
n e u t r a l  p a r t i c l e  bombardment, w i l l  a lso be considered. Discussions 
of ion-surface i n t e r a c t i o n s  have been omi t ted ,  s i n c e  i n  t h e  usua l  
i on  d e t e c t i o n  scheme one i s  concerned only t h a t  t h e  c o l l e c t i o n  
e f f i c i e n c y  i s  such t h a t  a l l  t h e  ions  a r e  c o l l e c t e d ,  t h e  secondary 
e l e c t r o n s  being suppressed by a small  negat ive b i a s  p o t e n t i a l  and 
o the r  secondary processes  being n e g l i g i b l e  f o r  t h e  ion  ene rg ie s  
of concern ( @ l o 0  e V ) .  Ion i n t e r a c t i o n  processes  w i l l ,  however, 



be included whenever they arise as a natural consequence of the 
other discussions, either directly o r  for comparison purposes, 
For a more complete discussion of these topics, see Kaminsky 
(ref, 32) or Krebs (ref, 33). 

2.3.1 Secondary Processes 

Quantitative experimental data for the secondary electron 
yield of incident metastable particles have been generated in 
experiments with noble gases on a variety of surfaces both in 
the "clean" condition and with specified adsorbed species. There 
is little data available for the evaluation of the equivalent 
experiment performed with the atmospheric gases. It is, there- 
fore,possible only to establish estimates of the expected yields 
for the latter gases together with predictions of probable areas 
of concern. 

A distinction must be made between two separate modes of 
producing secondary electrons. In one case, the energy trans- 
ferred at the detector is provided by the translational kinetic 
energy of the incident particle; this is referred to as kinetic 
emission. In the other easep the energy transferred is supplied 
by the internal energy of excitation of the incident particle, 
no change in translational energy being necessary. 
is referred to as potential emission. In the following sections, 
2,3.1.1 through 2.3.1.3, both the kinetic and potential emission 
process will be discussed in detail. 

This process 
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2,3.1,1 Auger Processes. - The.process of de-excitation of 
metastables at the detector with the subsequent potential emis- 
sion of secondary electrons can occur;-on-an-energetic basis, 
in several different ways. In a col sion.of the first kind, 
in which energy is transferred-to.the.mekastable, the de-excita- 
tion process reeults in an upward.transikion to a radiating state 
followed by a transition to the.ground.*state.with the emission 
of a photon. Subsequent absorption.of-this radiation at the 
detector may cause electron ejection . . .  The more probable process, 
both on a theoretical basis and as.far.as.secondary electron 
emission is concerned, is a collision of.khe.second kind in which 
the internal energy of the metastab1e.i.s-transferred (radiation- 
less transitions) to the detector with-the subsequent ejection 
of electrons,, This electron emission.process can result from 
two different transition mechanisms (Auger-transitions), subject 
to the condition that the ionization.energy of the incident part- 
icle is greater than the work function of the metal. 

2.3.1.1.1 Auqer de-excitation,.- The.first of these transi- 
tions is the one-Step process of Auger de-excitation and can be 
represented as 

Xm C Ne; + X + e- + (N-l)e, (2 0 3,l-1) 

where Xm represents the incident. neutral.. particle in a metast- 
able energy state, X the ground skate, Ne; the number of 
metal electrons, and e the secondary electron ejected from 
the metal surface. 

I 
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Presented in Fig, 8 is a schernatic.representation of the 
potential energy and energy levels of-a.typica1 Auger de-exita- 
tion process, The metastable particle has.approached to within 
a distance s from a clean metal surgace-having an average work 
functioy 4. The potentia1,energy and.the energy levels repre- 
sent those resulting from the combined-fields of the metastable 
particle and the metal surface, .As a-result.of this interaction, 
there is some perturbation of the energy levels of the incident 
particle; these levels are designated as effective energy Levels 
(such as Ex' and Ei')*" The energies.of.the.meta1 electrons are 
distributed.as a Fermi-Dirac.gas from the-bottom of the conduction 
band up to the Fermi level E ~ .  .Therefore,.the minimum energy 
required ta eject an electron is ( c o  - E ~ ) ,  which is just the 
work function ( 4 )  of the surface . . .  Providing that Ex' is 
greater than 4 ,  an electron can be.ejected.from the surface. 
However, not all excited electrons-can escape from the surface 
due to elastic back scattering. 

As a result of the interaction,\there are two mechanisms 
whereby an electron can be ejected, In.the first, represented 
in Fig, 8 by the solid transition.arrows,.a metal electron 
undergoes an Auger transition into.the.ground state of the in- 
cident particle with the excess energy..(Ex' - B )  being provided 
to the ejected, excited atomic electron. In the second process, 

. _  

* Hagstrum's notation has been adopted-,in.this report; for 
a complete discussion of these perturbations and the theory of 
the Auger processes in general, see ref, 3 4 .  
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Metal 

Fig.  8 . -  Schematic r ep resen ta t ion  of Auger de- 
e x c i t a t i o n .  35 



represented by the dashed transition arrows, the excited atomic 
electron drops to the ground state and the egcess energy (Ex1 - a) 
is provided to a metal electron ejected from one of the Fermi 
levels. It is, in general, not possible to distinguish the two 

processes since the energy of the ejected electrons has the 
same extremes. However, in some cases the direct (non-exchange) 
transition has a low probability of occurrence (such as the 
helium 2'51 + 1'5 ) since the transition requires a change of 
electron spin. In these cases, only the exchange transition 
need be considered. In Hagstrum's treatment, only exchange 
transitions were considered, 

0 

The extremes of the kinetic energy for the ejected electrons 
(in either process above) are 

and 

(2.3.1-3) 

It is clear from Eq, (2,3.1-2) that the secondary electron yield 
is zero for those systems in which Ex' < (I . 
example, in the case of the 2'S0 or 
ables incident on most metals, except perhaps the alkalis. 

This occurs, for 
2'D2 atomic oxygen metast- 
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The probability of secondary electron emission occurring 
as a result of the Auger de-excitation process is greatest 
under "resonance" energy conditions; that is, when 
4 < (Ei 1 - Ex') < E . If (Ei' - E I )  < $ , t4e more probable 

0 X 
process is that of resonance ionization followed by Augei: neutraliza- 
tion. However, as will be discussed later, the effective energy 
levels are shifted as the particle approaches the surface, the 
effective energy levels being kelated-tothe energy levels at in- 
finite separation as follows: 

E ( s )  = Ex + E(m-M) -E(n-M) 
X 

(2.3.1-4) 

and 

Eil (s) - Ex' ( s )  = Ei - Ex + E(i-M)-E(m-M) (2.3.1-5) 

where E(m-M) , E(n-M) and E(i-M) represent the interaction 
energies of the metastable, neutral and ion with the metal sur- 
face, respectively. 

2.3.1.1.2 Resonance ionization - Auger neutralization. - The 
second process whereby an incident metastable particle can eject 
an electron is a two-step process. The metastable first under- 
goes resonance ionization which is then followed by Auger 
neutralization. The process is represented by 
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Xm =t Ne;;; + Xf f (Nf1)e; (resonance i o n i z a t i o n )  

(2.3.176) 

Xc + Ne; + X f e- f ( N - 2 ) e z  (Auger n e u t r a l i z a t i o n )  

(2.3.1-7) 

where t h e  no ta t ion  i s  t h e  same a s  i n  t h e  previous s e c t i o n  and 
represents t h e  ion.  

X+ 

Presented i n  Figo 9 i s  a schematic r ep resen ta t ion  of t h e  
p o t e n t i a l  energy and ehergy Levels fo r  t h e  t w o  processes .  I n  t h e  
resonance i o n i z a t i o n  processes  ( t r a n s i t i o n  ) ,  t h e  atom elec- 
t r o n  i s  e j e c t e d  and captured i n t o  a vacant Fermi l e v e l .  The 
p r o b a b i l i t y  of t h i s  process  i s  g r e a t e s t  when 
The ion  thus  formed i s  * e d i a t e l y  n e u t r a l i z e d  by an Auger 
t r a n s i t i o n  ( t r a n s i t i o n  ) t o  t h e  ground s ta te  of t h e  atom. 

(Ei' - Ex') 0 . 

ss energy is  s u f f i c i e n t  t o  eject  a metal  e l e c t r o n  ( t r a n s i -  
I *  

The k i n e t i c  energy extremes of t h e  e j e c t e d  e l e c t r o n s  are 

and 

(2.3.1-8) 

(2.3.1-9) 
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Fig, 9.- Schematic representation of resonance 
ionization Auger neutralization. 
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As in the case of Auger de-excitation, the resonance ionization 
process is highly improbable for systems such as the 21S0 or 
2 ' ~ 2  atomic o ygen metastables incident on most metals, since in 
this case (Ei, - Ex) >> Cp. 

The probability that the metastable de-excitation will pro- 
ceed via the resonance process in favor of Auger de-excitation 
is not simply dependent upon the magnitude of (Ei' - E ' )  with 
respect to Cp since the effective energies are involved, the 
effective energy being a function of the separation s .  Because 
of this dependence, there will be a shift in the energy levels as 
the particle approaches the surface and it is possible, under 
certain circumstancesp that one process being more probable for 
a given separation can become less probable as the particle 
approaches the surface. As shown in Fig. 10, there is a critical 
value of 
Hem and Nem are shifted upward so thak resonance ionization 
is the more probable process, since now (Ei' - Ex') < Cp. For 
Arm, Krm and Xem, the energy levels are such that for any 
value of s resonance ionization is more probable. It has been 
concluded by Hagstrum, based on calculations of the transition 
probabilities for the various processes (these transition prob- 
abilities being functions of s and the particle velocity), that 
as the particle approaches the surface, the probability for resonance 
ionization is-always greater than the probabLlity for Auger de- 
excitation, the reason being that the probability for Auger de- 
excitation becomes appreciable only at values of s less than 
the critical separation for resonance ionization. 

X 

s ,  denoted as s c ,  for which the energy levels of 
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Since these conclusions are based primarily on the data 
for the noble gases, it is not obvious that the same conditions 
are appropriate for the atmospheric gasks. 

Based on a series of experiments, Hagstrum has concluded 
that since resonance ionization is the most probable first 
process, it is not possible to distinguish between processes 
involving neutral metastable particles and ions. Therefore, 
most of his data are for singly and multiply charged noble gas 
ions incident on tungsten and molybdenum. It is clear from his 
discussions that a meaningful interpretation of the processes 
involved is possible only if the energy distribution of the 
ejected electrons is known. It is probable, then, that some 
provision for this measurement should be made in the experiment. 
Presented in Fig.. 11 are data for the secondary electron yield 
for the singly charged noble gas ions incident on clean tungsten 
and molybdenum for ion energies in the range 10 eV to 1 keV. 

Based on the discussions of the potential emission processes 
and the data of Fig. 11, the following observations can be made: 

1. The secondary electron yield is fairly constant over 
a wide range of incident particle energies as it 
should be for potential emission. 

2. As predicted by the theory, the yield decreases as 
the work function increases, which is reasonable since 
the electron escape probability is greater for the 
lower work function. 

3 .  As (Ei - 2$) decreases, the yield decreases. 



However, there are some discrepancies  which are n o t  d i r e c t l y  
For example, as (Ei - 2 4 )  decreases, t h e  r a t io  expla inable .  

of the  y i e l d  fo r  M o  and W increases .  I t  is l i k e l y ,  t h e r e f o r e ,  
t h a t  a d g i t i o n a l  f a c t o r s  c o n t r i b u t e  t o  the  y i e l d  of clean sur -  
faces. As shown by the  data of Parker  (ref.  36) for  A' on c lean  

,platinum ( $ p t  = 5 .3 e V )  and c lean  Ta($,, = 4 . 9 e V ) ,  t h e  y i e l d  f o r  
Pt i s  h igher  than Ta d e s p i t e  t h e  fact  t h a t  c P p t  > $I~,. 
more convincing experiment w a s  conducted by MacLennan and Delchar 
(ref.  3 7 ) ,  which shows t h a t  o t h e r  f a c t o r s  than t h e  work func t ion ,  

p e r  se, are involved i n  t h e  observed y i e l d .  I n  the i r  experiment, 
metastable helium and argon beams w e r e  directed onto t h e  (111) 
and (110) planes of a s i n g l e  c r y s t a l  tungsten sample, t h e  s ta ted 
values  f o r  t h e  work func t ion  of the  t w o  c r y s t a l  planes being 
4 ( 1 1 1 )  = 4 . 3  e V  and ~ $ ( l l O )  = 5.6  e V .  One would, t h e r e f o r e ,  
expect  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  y i e l d  f o r  t h e  d i f f e r e n t  
c r y s t a l  planes.  However, t h e  r e s u l t s  showed t h e  e l e c t r o n  y i e l d  
f o r  t h e  (111) plane t o  be ,300 for  h e l i u m  and . 0 9 1  f o r  argon; 
f o r  t h e  ( 1 1 0 )  plane?, about 1.5% lower for  helium and about 4% 
lower for  argon. The  explanat ion f o r  t h i s  r e s u l t ,  according 
t o  t h e  au tho r s ,  i s  t h a t  t h e  work func t ion  d i f f e r e n c e  between t h e  
c r y s t a l  p lanes  arises from a su r face  topography e f f e c t  and as t h e  
ion  approaches the  s u r f a c e  (assuming resonance i o n i z a t i o n  of t h e  
metastables), f h e  i n t e r a c t i o n  p o t e n t i a l  causes e l e c t r o n s  t o  tunnel  
o u t  and n e u t r a l i z e  t he  p o s i t i v e  " h i l l s " ,  theceby reducing t h e  
su r face  topography e f f e c t  and reducing the e f f e c t i v e  work func t ion  
difference t o  almost zero. 

Another, 
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Up t o  t h i s  p o i n t ,  only t h e  secondary e l e c t r o n  y i e l d  of 
c l ean  m e t a l  su r f aces  as a r e s u l t  of i nc iden t .me tas t ab le  p a r t i c l e s  
has been considered, There i s ,  however, enianating from t h e  source 
a f l u x  of n e u t r a l  p a r t i c l e s  i n  t he  ground s ta te  and photons toge the r  
w i t h  t h e  metastables. Therefore, the  r o l e  of each of these i n t e r -  
mingled f luxes  must be considered,  s i n c e  t h e p ' a r e  no t  separable  
nor is it poss ib l e  t o  completely d i sc r imina te  a g a i n s t  them i n  t h e  

t ime-of - f l igh t  measurements. 

2.3.1.2 Photoemission. - Since a complete a n a l y s i s  of t h e  

effect  of photoemission f r o m  t h e  d e t e c t o r  and t h e  r o l e  it plays  
i n  obscuring t h e  secondary y i e l d  of t h e  metastable f l u x  i s  n o t  
poss ib l e  without complete knowledge of t h e  e x c i t a t i o n  cross- 
s e c t i o n s  of each of t h e  r a d i a t i n g  states of a l l  t he  major atmos- 
p h e r i c  c o n s t i t u e n t s  as a func t ion  of t h e  e l e c t r o n  beam energy, 
and even i f  they were known, t h e  c a l c u l a t i o n  would be an enor- 
mous t a s k ,  it i s  considered more m e a n i n g f u l - t o . c i t e  t h e  r e s u l t s  
of experiments which have been performed under opera t ing  condi t ions  
s imilar  t o  those which w i l l  be encountered i n  the  f l i g h t  apparatus.  

a 

I n  p r i o r  i n v e s t i g a t i o n s ,  i n  gene ra l ,  no mention i s  made of 
t h e  su r face  condi t ions  of t h e  de t ec to r .  Although t h e  bulk de* 

tector material i s  s p e c i f i e d ,  surface f i l m s  such as d i f f u s i o n  pump 
o i l  o r  l a y e r s  of adsorbed gas w i l l  i n f luence ,  t o  a g r e a t  e x t e n t ,  
t h e  y i e l d  r e s u l t i n g  from photon absorption. Another p o i n t  of 
concern i s  t h a t  even though some of the  atmospheric c o n s t i t u e n t s  
such as atomic and molecular oxygen w i l l  no t  be e f f e c t i v e  i n  t h e  

metagtable de t ec t ion  scheme, they do possess  r a d i a t i n g  states 
which w i l l  con t r ibu te  t o  the  t o t a l  photon flux,."Because of t h e  

w i d e  range of contr ibut ' ing band s p e c t r a  and discrete atomic s p e c t r a ,  
t h e r e  is  an almost continuous d i s t r i b u t i o n  of wavelengths con t r ibu t ing  
a rather broad band of energ ies  i n c i d e n t  a t  the  de t ec to r .  To l i m i t  
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the extent of the radiating spectrum as much as possible, a low 
value for the exciting electron energy is desirable. 

It is, in general, considered that the emitted radiation 
emanating from the region of the electron impact source is 
isotropic; thus, by reducing the solid angle subtended at the 
detector, the undesirable secondary electron current due to the 
photon flux can be diminished. This isotropy may be assumed 
and the decrease with solid angle will occur as long as the 
lifetimes of the radiating states are short enough that the 
drift of the excited particles is negligible. If this is not 
the case, then the region from which radiation is emitted ex- 
pands toward the detector. 
in which there is a range of lifetimes for the radiating states 
involved. Those states which are short-lived (<lo psec) con- 
tribute nearly isotropic radiation emanating from the region of 
the electron beam. Those states which are long-lived (>.500 psec) 
reach the detector and are counted as incident metastables. For 
the states with intermediate lifetimes, the excited particles drift 
towards the detector and can emit a photon from any position along 
the flight path, The region from which radiation emanates, thus, 
has considerable extent and the radiation incident upon the de- 
tector may not be considered as isotropic. In addition, as the 
excited particles drift towards the detector, the solid angle 
subtended at the detector increases so that when they radiate, 
the probability that the photon will intercept the detector in- 
creases ., 

Consider a thermal N2 beam experiment 

If we extend these same ideas to the case of the flight ex- 
periment, a re-definition of the effective lifetimes is neces- 
sary because of the velocity bias. The term metastable becomes 
somewhat ambiguous because the average flight time is now re- 
duced to the order o€ microseconds (depending on the vehicle speed 
and the flight length). It is, therefore, not possible to dis- 
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criminate so easily between photon flux and neutral "metastable" 
flux, The effect of these intermediate radiating states (de- 
pending on the intensity) is to smear out the distribution of 
metastable arrival times or to mask the time of flight distri- 
bution, especially at the onset, since the overlap will occur 
at the shorter flight times (higher particle velocities). 

Briglia (ref. 3 8 ) ,  in investigations of the lifetime of ex- 
cited molecular nitrogen states, used an apparatus somewhat anal- 
ogous to the one considered for flight application. A molecular 
beam, crossed by a pulsed electron beam, passed through a quad- 
rupole and was incident on an electron multiplier with Cu-Be dy- 
nodes. The flight length from the electron beam to the multiplier 
was 28,5 cm. Phase sensitive detection allowed €or discrimination 
between the photon and metastable flux. Shown in Fig. 12 are his 
results for the excitation function of N2 together with the sig- 
nal resulting from the photon flux. No estimates were given €or 
the beam density, only that the system pressure was 5 x l o e 5  Torr. 
The multiplier aperture was 6 mm x 18 mm which, together with the 
flight length of 28,5 cm, yields a solid angle of approximately 
1-3 x sr. (assuming that there is an entrance aperture to 
the quadrupole and, therefore, the source can be considered a 
point source). At an electron excitation energy of 12eV, the 
photon signal is greater than the metastable signal. 

In a similar experiment, Lichten (ref. 17) used a molecular 
N2 beam formed by a series of collimating slits, crossed by a 
continuously operating electron beam. The resulting beam was 
then incident upon a magnesium collector. The effects of the 
photon flux were directly measured and it was found that the 
detector current due to photoemission was 10% or less for all 
exciting energies between 8.5 and 16 eV. No mention of the 
solid angle is made and there is no way to estimate it from the 
data presented, 
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Pig. 12.- Comparison of photon and metastable  
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From these resul s ,  it is obvious.that the effect of ra- 
diating states and the role *hey play in..l=he final analysis of 
the detector output is not negligible, :IC.would be desirable 
to use as lBng a flight path as possible.so that at least the 
rapidly decaying states are distinguishable, This of course, 
is accomplished with a corresponding loss in sensitivity, 

2-3.1.3 Kinetic emission, Of the.major constituents in the 
molecular beam after it has passed.through the electron beam, 
consideration has been given to the detector response of two of 
the major reaction products, namely,.metastables and photons. 
There is, however, a large percentage.of neutral ground state 
particles which remain in t e beam,. The effect of these neutral 
particles on the detector signal must also be evaluated. 

In general, the total secondary electron yield (y)  is com- 
posed of two parts: one due to the potential energy of the par- 
ticle (y,,,), which has already been considered, and another 
due to the kinetic energy ( y k i n ) *  1t.was.concluded that the 
condition for emission of electrons due.ko potential emission 
alone, as a result of incident ions (assuming that resonance 
ionization is the most probable process),.is.Ei > 2 4 0  

also seen that y,,, was independent of the.kinetic energy of the 
incident ion, at Least up to 1 kpv, .The-equivalent condition for 
the ion impact production of electrons.by kinetic emission alone 
is that Ei < 4 and that the incident ion-possess kinetic eneEgy 

cident neutrals, the only necessary conditlon is that the particle 
possess kinetic energy greater.than Ethm..In those eases where 
E~ < 24 and the incident ion also has'sufficient kinetic energy, 
the total yield becomes y = y p o t + y k f n m  
are the data of A ifov et, al, (ref,.39).for the secondary elec- 
tron yield of Ar+ and Aro incident on a clean Mo target, 
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den t  p a r t i c l e  energy w a s  var ied  from 200 e V  t o  2 KeV. 
seen t h a t  t h e  ascending po r t ions  of both curves have t h e  same s lope  
r ep resen t ing  k e n e t i c  emission, t h e  Ar' curve l e v e l s  of€ t o  a con- 
s t a n t  value represen  ing p o t e n t i a l  emission, and t h e  A X o  curve goes 
t o  zero  a t  approximately 
f o r  k i n e t i c  emission due t o  n e u t r a l s ,  

I t  can be 

00 e V  represent ing  t h e  threshold  energy 

I n  a s i m i l a r  e periment,  Medved e t ,  a l ,  ( ref ,  4 0 )  shows 

somewhat t h e  same r e s u l t s  f o r  yPot and E t h  b u t  t h e  energy depend- 
ency (E > 1 keV) of t h e  y i e l d  for  i n c i d e n t  i ons  i s  d i f f e r e n t  
than f o r  i n c i d e n t  neu t r  1s; see Fig. 14, Medved suggests  t h a t  
t h i s  divergence shows t h a t  t h e r e  is a dependence of y P o t  on en- 
ergy (avove E 
Hagstrum, as presented i n  F ig .  11, 

a t  l e a s t ) .  This c o n t r a d i c t s  t h e  r e s u l t s  of th' 

These data i n d i c a t e  t h e  genera l  c h a r a c t e r i s t i c s  of secondary 
e l e c t r o n  y i e l d  a t  low ene rg ie s ,  However, t h e  reg ion  of i n t e r e s t  t o  
t h i s  d i scuss ion  i s  t h e  energy region near t h e  threshold  and below. 
Unfortunately,  t h i s  reg ion  has n o t  been experimeneally i n v e s t i -  
gated t o  t he  degree t h a t  t h e  higher  energy regions have, t h e  
major i ty  of t h e  work being done from 1 keV up t o  hundreds of k e V  

and extending i n t o  the  MeV reg ion ,  This ,  toge ther  with the  fac t  
t h a t  no u n i f i e d  theory has been developed which success fu l ly  ac- 
counts f o r  t h e  experimental  d a t a  over t h e  e n t i r e  energy range, 
which i s  l i k e l y  due t o  t h e  v a r i e t y  of e j e c t i o n  mechanisms which 
can occur when consider ing t h e  ene rg ie s  involved, means t h a t  t h e  

necessary conclusions must be i n f e r r e d  from t h a t  data which i s  
a v a i l a b l e ,  toge ther  w i t h  ex t r apo la t ions  and t r ends  of e x i s t i n g  
data. For a more complete d iscuss ion  of khe experimental  re- 
s u l t s  and theory a t  h igher  ene rg ie s ,  re fe rence  can be madep f o r  
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example, to Kaminsky (ref, 32). 

th One of the questions to be discussed is the dependence of E 
on the particle mass and the target material, It is difficult to 
draw anything but a qualitative conclusion siqce the majority of 
the available data is for ion impact at higher energies ( 1 keV 
E < 1 MeV ) e  That data which is available at the lower ener- 

gies for neutral particles represents a mixture of surfaces, sur- 
face conditions, and angle of incidence, Howeverf, based on the 
data for ykin  for Ne+, Ar+, and Kr+ on Mo (Arifov and Rakhimov 
ref. el), in the energy range 2 - io keV, it can be seen that the 
kinetic yield is inversely proportional to the ion mass, It can 
be concluded further, based on the data of Magnuson and Carlston 
(ref. 42) for Ar+ incident on Ni, AI, Cu, Mo, Ta, and Zr, that 

is rather insensitive to the target material, However, some 
degree of skepticism should be exercised with regard to this lat- 
ter conclusions for Magnuson and Carlston (ref, 4 3 )  have also shown 
that the y vs. energy curves €or the three low-index planes of a 
single crystal copper target diverge from a common value at 1 keV, 
until at PO keV the ratio of ~(111) to y ( l 1 O )  is approximately 2.5, 

Ykfn 

With these generalized conclusions, it is now possible to 
examine the available data and attempt a plausible conclusion con- 
cerning the degree to which the neutral kinetic yield will in- 
fluence the measurement of the metastable potential yield, Shown 
in Fig. 15 are data for the kinetic yield of H°F He', and ArO. 
Although they represent a variety of conditions, each of which 
could influence the magnitude and shape of the curvesr the con- 
ditions under which the experiments were conducted can be exam- 
ined and, thereby, some valid conclusions can be drawn. 

The Ho resul s reported by Fleischmann and Young (ref e 44) 
are somewhat questionable in regard to their correlation with 
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the Heo and ArQ data, The target was "aleaned with hydro- 
chloric acid and alcohol" and, therefore, was probably cov- 
ered with a residue and adsorbed gases, which will be shownp 
in the next section, has a drastic effect on the yield. The 
Heo and ArQ data, on the other hand, are results taken after the 
targets were flashed to 220O0K and should be somewhat consis- 
tent. Since hydrogen is a minor constituent in the atmosphere 
for the ranges of interest, the absolute magnitude of this 
curve is not of great concern; it has been included for com- 
parison and to indicate that the inverse relationship between 
yield and mass is still preserved at threshold, Since the angle 
of incidence is not given in the case of Aro , it has been assumed 
that the shift in the yield curve caused by the possible dif- 
ferences in c1 is negligible (this point will be discussed lat- 
er). The effect of the different target material is not known; 
however, it should be pointed out that differences in the yield 
curves presented by various observers for the same incident par- 
ticle-surface combination differ markedly, on the one hand, while 
the data of a single observer for the same incident particle on 
various surfaces produce almost identical results, on the other. 
Since these results are contradictory, it will be concluded that 
surface contamination is the dominant consideration and, there- 
fore, the Heo and Aleo data are consistent, since the surface prep- 
aration was similar in the two experiments. 

It will be remembered that the range of molecular weights 
to be encountered in the atmosphere lies within those of He and 
Ar and, therefore, the yield curves can be assumed to lie within 

band as indicated on Pig. 15. This assumption requires that 
functional dependence of y ( E )  on the molecular weight is 
just fortuitous, but the theory of Von Roos (ref. 45) which 
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exp la ins  q u i t e  w e l l  t h e  i n t e r a c t i o n  of l o w  energy ions  a t  metal 
s u r f a c e s ,  both w i t h  r e s p e c t  t o  r e f l e c t i o n  and k i n e t i c  emission, 
expresses  t h e  y i e l d  for  cons t an t  energy as 

and f o r  cons tan t  v e l o c i t y  a s  

( 2  3,l-10) 

( 2  e 3 1-11) 

where p i s  t h e  ra t io  of the  m a s s  of t h e  i n c i d e n t  ion  t o  the  

mass of the  target atom. Since 11 i s  gene ra l ly  much less than  
1, Eq,  (2.3.1-10) implies  an inve r se  r e l a t i o n s h i p  of y w i t h  

molecular weight,  I t  has ,  therefore, been assumed t h a t  t h e  
y i e l d s  w i l l  l i e  wilzhin t h e  band of Big. 15. 

S ince  t h e  major f r a c t i o n  of t h e  k i n e t i c  energy of t he  

p a r t i c l e s  arises from the veh ic l e  ve loc i ty  , the-  heavier  p a r t i c l e s  
w i l l .  be t h e  most ene rge t i c .  Considering 1 0  kmlsec t o  be t h e  

rslaxi,mum veh ic l e  speed’aind Ar t o  be t h e  h.%ghest,molecular weight 
component, approximately 20 eVis  the  maximum t r a n s l a t i o n a l  
energy t o  be encountered. 

I t  i s ,  t h e r e f o r e ,  possible t o  expect t h e - y i e l d s ,  based on ex- 
or  l o e 7 .  t r a p o l a t e d  va lues  of t h e  band, t o  be of the  order of 
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. . .  

However, when it is  recalled t h a t  t h e  sratio‘of metastables-to- 
n e u t r a l s  can be of the  o rde r  of l o v 4  -‘lO’”-(depsnding on t h e  
source conditions-),  it is  n o t  obvious t h a t  the.-secondary e l e c t r o n  
y i e l d  due t o  n e u t r a l s  is  n e g l i g i b l e  when’compazed w i t h  the  y i e l d  
for  metastables, which w a s  shown above t o  be <0.1. 

2.3.2 Effec t s  of Adsorbate 
. , . . .  

I n  t h e  previous d iscuss ions  of secondary-e lec t ron  e m i s -  
s i o n ,  an at tempt  has been made t o  include only those d a t a  
r ep resen ta t ive  of c l ean  su r faces  ( i n  t h e  a tomic . sense ) ,  s i n c e  
only under these  condi t ions  can one a r r i v e  a t  a c o n s i s t e n t  and 
val id  conclusion. T h i s  has meant t h e  omission of much of t h e  

a v a i l a b l e  data f b r ’ s p e c i f i c  i n c i d e n t  p a r t i c l e - s u r f a c e  cornbina- 
t i o n s  which are necessary for  a complete a n a l y s i s .  However, it 
was f e l t  t h a t  this YnelQsibn of data for  sur faees .which  were e i t h e r  
no t  s p e c i f i e d  o r  for  those with unknown su r face  prepara t ion  
o r  coverage would lead t o  g r e a t e r  errors than have l i k e l y  a r i s e n  
otherwise.  

I t  i s  appropr i a t e  - t o  reexamine the  var ious  secondary 
e l e c t r o n  y i e l d s  t o  see exac t ly  what e f f e c t  surface contamination 
o r ,  more d e f i n i t i v e l y ,  c o n t r o l l e d  and known adsorbates a t  spec- 
i f i e d  r e l a t i v e  s u r f a c e  coverage would have on t h e  cCSults. 
This eva lua t ion  i s  necessary s i n c e ,  due t o  t h e  high molecular 
c o l l i s i o n  frequency d e n s i t y ,  t he  detector will be covered with 
a t  least a p a r t i a l  monolayer of gas  even at: t he  lower atmospheric 
d e n s i t i e s ,  i n  s p i t e  of a t tempts  t o  preserve  i t s  c l ean l ines s .  
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As an example of the effect of adsorbate on the potential 
yield, the data of Parker (ref. 36) for Ar' on platinum both in 
the "clean" (flashed to 1400°C) condition and gas covered (5 
minute exposure at a few Torr) condition are presented in Fig, 
16. It can be seen that oxygen reduces the yield by more than 
an order of magnitude. 

Although the results are not directly comparable due to 
different gas-surface combinations, Delchar et, al, (ref. 46) 
observed that the yield decreased by 4 2 %  in the case of rrtet- 
astable helium atoms incident on N2 covered polycrystalline 
tungsten ribbon. Similarly, the decrease in the secondary 
yield for CO coverage was 63%- The general results and eon- 
clusions of Delchar et. al. enforce the hypothesis that the 
yield, based on evaluation of the electron energy distribution, 
is not simply related to the work function but is rather the 
result of a complex interation between the incident particle 
and the adsorbed gas-metal surface. Delchar et, al, suggest 
that the most important variable is the surface density of the 
adsorbed species, with particular emphasis placed on the binding 
mechanism of the adsorbed gas atom to the lattice, They postu- 
late that the mechanism, which describes their results, involves 
the formation of an energy level above the ground state of the 
adsorbed gas atom, 
this energy state, the Fermi sea, or both, The Esonanee ioniza- 
tion-neutralization process is shown schematically in Fig, 17. 
The energy distribution of ejected electrons is now strongly in- 
fluenced by both the adsorbate species and the coverage, the 
coverage influencing primarily the number of electrons ejected 
from the metal, This process effectively describes the observed 
decrease in the number of ejected high energy electrons with ad- 
sorbed gas on the sample as well as some of the anomalies observed 
with their single crystal experiments, 
56 
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Fig. 17.- Schematic representation of the resonance 
ionization-neutralization process for a gas 
covered surface (ref. 46) 
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These data show that there is a general degradation of the 
potential yield which is a rather strong function of the adsorbed 
species, Aggravati 
yield which tends to increase with gas coverage. 
shown in Fig. 18 are the data of Berry (ref. 47) for the kinetic 
ejection of electrons from both degassed and undegassed tungsten 
targets as a result of incident helium ions and neutral atoms. 

For example, 

The problem now is obvious. 
to represent the signal-to-noise ratio, then as gas is ad- 

Considering the ratio of y p o t ,  

'kin 
sorbed on the detector, the S / N  ratio decreases both because y p o t  

is decreasi g and simultaneously y k i n  is increasing. 
therefore, advantageous to keep the detector as clean as possible. 
This becomes a rather difficult problem, since the three major 
constituents of the atmosphere for the intended measurements are 
0 2 r  0, and N 2 @  which are chemically active gases in contrast to 
the noble gases which have been used in most of the literature 
data e 

It is, 

There is still the problem of estimating the yield for in- 
m cident N 2  If resonance ionization-Auger neutralization is 

assumed to be the mechanism by which the excitation energy of 
the nitrogen metastable is transferred to the detector surfacel 
the ion ejection yield data of Parker (ref. 3 6 )  can be used to 
get an order of magnitude estimate for the secondary electron 
yield. 
incident on nitrogen covered platinum. The ion beam consisted 
of N' and N2' in unknown proportions, 
the lower ion energies was concluded to be due to recombination 
of N+ at the surfacel which, of course, is not possible for 
incident N 2 m a  One can extrapolate the expotential decay of the 

Presented in Fig, 19 are data for y p o t  for nitrogen ions 

The increased yield at 
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_ -  
curve (neglecting recombination) and arrive at 2 . 5  x lom3 for 
the yield, Based on the similarities of the'data for the yield 
of Ar' on nitrogen covered platinum (Ar' *-Pt/N2) and Ar' -+ Pt/Op 
with the data for N2' + Pt/N2 and 0 2  -+.Pt./Og- (a result which is 
not too surprising since the energy-available after neytraliza- 

15.58 eV, 
3. eskimate that the yield for ,N2 I * Pt would be approximately 

0,009, Furthermore, using the yield data for Ar' + Pt (.02) 
and Ar+ -+ W (.095> and assuming again that the similarity analogy 
is valid, the yield for NP+ + W would be 0,043, This value is in 
good agreement with the value of .06 electrons/ metastable esti- 
mated by Zorn and Pearl (ref 48). 

tion of the ion is comparable in all three-cases ( E i ) N 2  - - 
( E i ) A r  = 15,76 eV, and ( E i ) 0 2 =  12.2 eV), one can 

If there is any validity to this type of argument, then 
the yield values could be expected to range from 0,043 for 
Nam + W to 1.2 x low3 for Nzm + W / O p ,  

2,3,3 Angle of Incidence 

Since some angle other than normal incidence will probably 
be chosen to reduce the amount of back scattering into the 
incident beam, it is appropriate to say.something about the 
angle of incidence of the molecular beam on the detector and 
its effect on the yield. 

J 

For kinetic emission, it has been found that the experimental 
data for the variation of secondary electron yield as a function 
of angle of incidence can be expressed as: 

y ( a )  = C y o  seca (2 3.3-1) 
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where a i s  t h e  angle  between t h e  i n c i d e n t  beam d i r e c t i o n  and 
the  su r face  normal, i s  the y i e l d  a t  noma1 , inc idence ,  and 
C is  a p r o p o r t i o n a l i t y  cons t an t  which is dependenlz on t h e  in-  
c i d e n t  p a r t i c l e - s u r f a c e  combination. Howeve s i n c e  m o s t  of 
t h e  data which s u b s t a n t i a t e s  t h e  above r e l a t i o n s h i p  w a s  ob- 
t a i n e d  a t  h igher  ene rg ie s ,  it i s  n o t  known whether t h i s  re- 
l a t i o n s h i p  holds a t  t h e  lower energ ies .  For ex-ple, a t  
t h e  h igher  energ ies  where there is  s u b s t a n t i a l  pene t r a t ion  
i n t o  t h e  l a t t i ce ,  it would be expected t h a t  thebyie ld  be a 
func t ion  of a . However, based on t h e  -independence of y 

on energy, it can be assumed t h a t  t h e  in te raukion  occurs p r imar i ly  
a t  t h e  su r face  and, therefore, one would qot expect  a s u b s t a n t i a l  
dependence on a f o r  e i ther  y p o t  o r  
of in te res t  t o  t h i s  ana lys i s .  

y o  

P o t  

a t  the  low energ ies  Ykin 
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3 ,  SPECIFIC TEMPERATURE MEASUREMENT- TECHNrQUES 

In the previous sections, the parameters which influence 
the sensitivity of molecular beam measurements have been con- 
sidered with respect to excitation and detection processes, 
as well as those processes which must be disariminated against 
since they contribute to that signal which is attributable to 
background or noise. In this section, specific methods for 
deriving temperature information from the molecular beam will 
be described and analyzed. 

Since measurements are to be made under conditions of 
free molecular flow, it is appropriate that the physical prop- 
erties of the gas (including that of temperature) be deduced 
from the statistical properties of the flow, The themetical 
formulation of the problem is based on the assumption that the 
properties of the molecular beam can be descrived in terms of 
a drifting Maxwellian gas, an infinitesimal sample of which 
contains a group of molecules with a velocity distribution 
characteristic of the volume of space from which the beam was 
derived. Several methods of temperature measurement will be 
presented to determine their respective sensitivities and 
resolutions. 

In the following sections, three variations of establishing 
the temperature in terms of parameters related to the velocity 
distribution function will be discussed: 1) the metastable 
time-of-flight (MTOF) detection system, 2 )  the flux angular 
distribution method, and 3 )  the retarding potential energy dis- 
tribution method. The MTOF system is analogous to a mechanically 
chopped beam detection system except that the modulation is ac- 
complished electronically and the beam modulation and molecular 
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excitation occur simultaneously. The flux angular distribution 
method does not explicitly yield the distribution function. 
However, it is indirectly implied since the differential flux 
per unit solid angle is directly related to the distribution 
function. Likewise, the retarding potential energy distribution 
method does not directly establish the distribution function but 
the data displayed as ion current vs, retarding potential may 
be directly interpreted in terms of the temperature. 

3.1 TIME-OF-FLIGHT (TOF) VELOCITY DISTRIBUTION ANALYSIS 

3.1.2 General Discussion of TOF Detection Systems 

The early successes of the kinetic theary and its general 
acceptance were due in part to the various experimental inves- 
tigations of the distribution of velocities from oven beams and 
the general agreement of the results with that described by the 
Maxwell-Boltzmann distribution function. That distribution, 
defined as 

(3.1.1-1) 

may be seen to be represented in terms of a characteristic tem- 
perature which may be thought of as the temperature of the 
walls of an isothermal volume in which the gas in question is 
contained. The majority of these early experiments used some 
mechanical means for modulating the beam and, in general, utilized 
either molecular condensation or surface ionization detectors, 
Later modifications of these experiments to measure f (v) and, 
thus, T employed multi-disc velocity selectors or TOF correlation 
measurements, which yield, in a very elegant manner, the inverse 
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of the velocity distribution f(v>, allowing immediately the ex- 
traction of T. 
the gas to be analy ed is introduced into the system though a 
gating chopper and allowed to drift and, thus, separate in time, 
depending on the various speeds represented by the molecular 
ensemble, A review of many of these experimental techniques 
and a thorough analysis of the mechanical chopper-electron im- 
pact ionizer system, applicable to thermal beams, has been 
presented, among others, by Scott (ref. 4 9 ) ,  Similar analyses 
of both chopper-ionizer and chopper-velocity filter detection 
systems, applicable to supersonic beams, have been presented 
by Rnuth and Kuluva (ref 50)  and by Alcalay and Knuth (ref 51). 

In the TOF method, a representative sample of 

The problem in the case of TOF measurements of a non- 
stationary gas is to produce a time dependent signal, represent- 
ing the velocity distribution, which is not influenced by the rei- 
ative motion of the sampler with respect to the gas nor by usual 
instrumental effects. Further, the beam chopping or modulation 
process must have negligible effect on the measured molecular 
drift times. As will be seen later, this condition requires that 
the chopper open time be less than 1 psec for the system para- 
meters normally met in high speed vehicle probes of planetary 
atmospheres. Since this corresponds to chopper rotational 
speeds about 10 times greater than normally used and is ap- 
proaching the speed where the material strength and the chopper 
stability come into question,jit is obvious that mechanically 
chopped systems are not feasible. 
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3.1.2 Metastable Time-Of-Flight Detect ion System 

I n  the MTOF d e t e c t i o n  scheme, s imultan&ous.gat ing of t h e  
beam and e x c i t a t i o n  of beam molecules -is..accomp&ished using a 
pulsed e l e c t r o n  b e m  s i t u a t e d  or thogonal - ' to  the-molecular  beam 
axis:,A schematic r ep resen ta t ion  of a MTOF d e t e c t i o n  system i s  
presented,  i n  Fig.  20 e T h e  f l i g h t  of t h e  'excited: .metastable 
n e u t r a l s  i s  n o t  affected by s t r a y  or unkriown,electrkc o r  magnetib 
fields., as ions  would be i n  a similar TOF scheme,. Detection 
and d iscr imina t ion  are accomplished by t i m e  domain s i g n a l  averag- 
ing  w i t h  a multi-channel ana lyzer ,  t h e  t$me.reference being cor- 
related w i t h  t he .  ga t ing  pu l ses  con t ro l l i ng .  the. e l e c t r o n  beam 
p u l s e . d u r a t i o n ,  The TOF s i g n a l ,  r ep resen t ing  the:molecular 
v e l o c i t y  d i s t r i b u t i o n  of t h e  undisturbed. gas*,. is. s t o r e d  i n  d i f -  

f e r e n t i a l  form. ' T h e  'purpose .of t h i s  s ec t ion .  is, to d i scuss  the  

condi t ions  inf luendimj  the  TOF s i g n a l  wave form and t o  estimate 

t h e  MTOF s y s t e m . s e n s i t i v i t y .  S I  

The. fol lawing assumptions have been made i n  c a l c u l a t i n g  the  

system s e n s i t i v i t y :  
~. . .  " .  

I) The n e u t r a l  molecular flux dens i ty .  passing.  through 
t h e  i n t e r a c t i o n  volume i s  uniform (see s e c t i o n  2.1.2). 

2 )  The eAectuon flax dens i ty  i s  cons ide red . a s  uniform 
and monoenergetic. 
t o  be r ec t angu la r  and of v a r i a b l e  du ra t ion ,  

The e l e c t r o n  pulse .  is. considered 

3 )  The l ifetimes of t h e  metastables areaconsidered t o  
be long compared t o  t h e  f l i g h t  t i m e  (see s e c t i o n  2 . 2 . 2 ) .  
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i 

4) Both elastic and inelastic scattering of the metastable 
beam are considered to be negligible. 

5 )  The distribution of molecular velocities is described 
in terms of a drifting Maxwellian gas. 

6) Multiple, inelastic electron collisions with any given 
molecule are assumed negligible. 

The basis for the validity of these assumptions, together 
with a discussion of other parameters (see, for exainple, sections 
2.3,1,2, 2.3.1.3, and 2.3.2) which might influence the MTOF 
signal, are presented in other sections of the report. 

Consider the production rate of metastables within the inter- 
action volume. The molecular velocity is negligible with respect 
to the velocity of the exciting electrons, and since a very small 
fraction of the beam molecules is excited, the excitation prob- 
ability is independent of the electron pulse duration and the 
molecular drift. However, the electron pulse duration does af- 
fect the axial extent of the region containing excited molecules. 
Consider, for example, an electron pulse of duration A t e  ., The 
axial extent (at the source) of the region of the beam in which 
molecules are excited to the metasfiable state is UAT where U 
is the relative velocity of the sampler with respect to the gas 
being sampled. This spatial uncertainty directly influences the 
temporal resolution of the detector signal, the uncertainty being 
in direct proportion to the ratio of the flight time (R/U) to 
the electron pulse duration (Ate) (this effect will be discussed 
in more detail in section 3.1.3). Other factors influencing 
the axial extent of the excitation region must also be minimized. 
and, for this reason, the axial dimension of the electron beam 

e '  

has been limited to a value much smaller than the flight length 
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( t h e  value chosen w a s  1%). 

The r a t e  of production of metastables  can be expressed as 

P dx (3.1.2-1) e 
i 
e c  

dN* = - 

where ie /e  i s  t h e  elecGron f l u x  pass ing  through t h e  i n t e r -  
a c t i o n  volume and Pc  i s  t h e  e l e c t r o n  c o l l i s i o n  p r o b a b i l i t y  
pe r  u n i t  pa th  length .  I n t e g r a t i n g  t h i s  expression over t h e  
t o t a l  e l e c t r o n  pa th  length  (Ae), 

P dx e (i' C 

i 

e 
N* = - 

O J  

o r  

N* = - cs n dx e 

(3  .f .2-2) 

(3.1.2-3) 

0 I 

where cs i s  t h e  t o t a l  e x c i t a t i o n  c ross -sec t ion  and n i s  t h e  
molecular d e n s i t y  i n  t h e  i n t e r a c t i o n  volume. Since both a 

and n are independent of e l e c t r o n  pa th  l e n g t h  (assuming 
uniform d e n s i t y )  I Eq. (3.1.2-3) becomes 

e a n A e  . i 
N* = _. 

e 
(3.1.2-4) 
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Upon multiplying by the electron pulse length (Ate), the 
total number of metastables produced per electron pulse is 

a n heAte . N * i  = -  e 
e 

The distribution of speeds represented 

( 3  .l. 2-5) 

* 
by this group of N 

metastables is desired, so the number of metastables with 
velocities between v' and v' + dv' must be determined. The 
particle velocities are describable as a driftinq Maxwellian 
gas, for which the differential flux density (dfi) into a solid 
angle dw at an angle (I with respect to the beam axis is 

d$ = n vI3 f (v)dv' dw cos4 ( 3  1.2-6) 

where n is the molecular density at the interaction region, 
v' is the molecular velocity with respect to a frame of reference 
travelling with the vehicle, and f (v) is the Maxwell-Boltzmann 
distribution function. The analysis will be limited to small 
solid angles along the instrument axis for a forward facing 
probe at zero angle of attack. Under these conditions, the 
differential flux density is 
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4 where vm (vm E [2kT/m] ) is the most probable thermal molecular 
speed and U is the vehicle speed. Upon.dividing by the rel- 
ative velocity (v') , the number of particles per unit volume 
with speeds between v' and vf + dv' which.have passed out of 
the interaction region and are contained in a solid angle dw 
along. the axis is found to be 

dn(v') = 
'\ 

dv' (3.1.2-8) ndw vI2 e ,-, 3/zV 3 
m 

Since the time dependence of the signal measured in the MTOF 
scheme is desired, dn(vl) will be transformed from velocity 
space to the time domain, Letting v '  = k/t, where R is the 
flight path length, the molecular density-for molecules arriving 

interval t to t f dt is found from at the detector in the time 
Eq., (3,P,2-8) to be 

I e ndwR dn(t) = 
T3/2 vm3 t4 

R 2  - -  
t2v m 

2 RU 

- + ~ ~  tvm2 v m d e .  ( 3  1.2-9) 
2 

Combining Eq. (3.1.2-9) and (3,1.2-5), the number of metastables 
per electron pulse arriving at the detector, which subtends a 
solid angle dw , in time t to t + dt is 

2RU 

( 3  ., 1,2-10) 
"] dt . vm 

- -  
t v 2  m 

i e noXeAtedwR3 
m dN* (t) = 

e.rr Pv", t 
2RU 

( 3  ., 1,2-10) 
~1 dt . vm 

- -  
t v 2  m 

i e noXeAtedwR3 
m dN* (t) = 

Implicit in this equation is the condition that Ate<<t. 
Finallyp multiplying by the electron pulse repetition rate ( p )  

and the secondary electron emission coefficient ( Y ) ~  the number 
of electrons ejected from the detector per unit time is calculated 
to be 

71 



1 

. (3  P o  2-11) 

. . "  

If the detector is the cathode.of.an-electron multiplier 
used in conjunction with a multi-channel pulse height analyzer, 
the magnitude of the signal (at the output of the analyzer) is 
subject to some further constraints. The energy distribution 
and angular distribution of the electrons ejected from the 
cathode are such that only a fraction of the total number can 
be focused into the electron multiplier. Therefore, dhe signal 
is dependent on the shape and geometrical arrangement of the 
cathode with respect to the electron multiplier as well as the 
experimental operating conditions of the analyzer and electron 
multiplier, Considering these electrode geavetry and electron 
dispersion effects as an attenuation factor between the cathode 
and analyzer output and referring to this attenuation factor in 
terms of detector sensitivity, the counting rate per channel can 

be written as r 1 
2 RU e i 

e m ut 
dN(t) = - ncqXeAtepdw. 2 

m 

where q E Ky , fl being the detector sensitivity and K the 
attenuation factor. 
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3.1,3 MTOF Detection System Sensitivity 

e sensitivity of the MTOF detec- 
tion system, s must be established.for the para- 
meters appearing in Eq. (30102-12), which represents the count- 
ing rate of the detection system, The discussions to be presented 
in this sec ion provide the basis for the selection-of the num- 
erical values assigned to these parameters, which are collected 
in tabular form at the end of the section. 

Using the data of H o l t  and Krotkov (ref. 52) for a magnet- 
ically focused, space charge limited planar diode, the calcul- 
ated effective elec ron current density at the interaction region, 
for an accelerating potential of 12 V, is 4-65 x A/cm2. The 
term "effective" current density is used to refer to that portion 
of the total electron current which actually passes through the 
interaction region to produce excited molecules. 
The resultant value of ie is, therefore, 7 x 10"' amperes. 

For the MTOF detection system shown schematically in Fig. 20, 
the following parameters apply: 

1. 

2. 

3 ,  

* 

5, 

The atmosphere is assumed to be nitrogen gas, the temp- 
erature 300°K, and the vehicle velocity (U.) 5 x lo5 cm/sec. 

io of the source density to the undisturbed den- 
sity (n/no) is Q,5. 

The molecular beam diameter is 1 cm. 

The solid angle subtended by the detector (dw) is 
Iom2 sr, 

The flight path length ( a )  is 15 cm. 
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6. The equi1ibriwn particle density in the detector regfen (\ 

- a '  with no pumping is - 2 , s  no" 
that some active pumping will be required, 

It-is, therefare, probable 

In choosing suitable values for the electron beam pulse dura- 
tion ( A t e )  and the de ector delay gating widizh or channel width 
(at), it is necessary to maximize both since they directly affect 
the system sensitivity, HQWeVeP, choosing too large a value 
for either will distort the TOF signal wave form and, hence, the 
resolution, It is necessary, therefore, %a characterize these 
parameters by a numerical evaluatioln of the fnkegral representing 
the time dependent detector signal, taking i n t o  considezatian the 
drif% of molecules from %he interaction region af ter  the s t a x t  of 
the electron beam pulse, By considering a finite electron 
gating pulse length, Eq. (3,1,2-3.0) may be-rewritten to yield the 
rate of production of metastables with ve%oefties between v 9  and 
v s  + dve which were produced during the electron beam puls 
duration fit, (where Ate t but not necessarily n e g l i g i b l e )  
and which arrive at the detector at time t within dt,, The re- 
sult can be expressed as 

2!Lu 
- ,  

At@ g3 - R' 

( t -%"%7 (t-tB)v v 
En i n  (+tu 1 b, 

0 

(30 B o  3-11 

I ienoh ,dw 

e.rrY2 vm3 
dN*(t) = 

(t-t') is the metastable flight time, t s  repxesenting 
the drift time of the metastable a f t e r  formation, Eq, (3,l,3-l), 
therefore, is an evaluation of the effect of the ePec t r~sn  pulse 
duration on the signal wave form, It has been ass-arrred that the 
electron beam pulse can be represented by a reetanguPar pulse, 



After integration, Eq . (3.1.3-1) , representing the number of 
metastables per sec arriving at the detector at time t within 
dt, 
Ate t becomes 

having been produced during an electron pulse of duration 

2 dN*(t) = 

m 

- 

erf 

(3.1.3-2 

In the limiting case where 
Eq. (3.1.2-10). 

Ate << t, Eqo (3.1.3-2) seduces to 

The signal amplitude is an increasing function of the beam 
pulse duration Ate. It is important, however, that the tempera- 
ture information contained in’ the signal not be affected by the 
changes in Ate. Eq. (3.1.3-2) was evaluated numerically for 
values of Ate ranging from s-ec to 2.5 x lom5 sec so that 
the maximum value of Ate, consistent with the preservation of 
an undis,$orted signal wave form, coild be deduced. The results 
are presented in Fig. 21 where the data has been multiplied by 
powers of 10, as noted in the key, so that all data may be included 
on the one graph. It can be seen that, although the magnitude 
of the pulse amplitude increases proportionally with Ate from 
lo-’ sec up to l o e 7  sec, the pulse shape does not change so that 
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t h e  temperatuke ihformation contained i n  t h e  s i g n a l  is  n o t  

increased  f u r t h e r ,  t h e  pulse  shape i s  d i s t o r t e d  u n t i l  f i n -  
a l l y  t h e  amplitude reaches a cons t an t  value r e p r e s e n t a t i v e  of 

a f f e c t e d  by changes i n  A t e  over t h i s  range. As A t e  i s  

continuous r a t h e r  than pulsed opera t ion .  Therefore ,  a t  some va lue  
around l o e 6  sec, t h e  d i r e c t  measurement of temperature i n  t e r m s  
of t h e  s i g n a l  wave form i s  beginning t o  be obscured. The max- 
imized value chosen f o r  t h e  e l e c t r o n  beam p u l s e  du ra t ion  (Ate) 
w a s  2 x 10'~ sec. 

To i n v e s t i g a t e  t h e  manner i n  which t h e  TOF s i g n a l  wave form 
changes with temperature,  d a t a  were generated f o r  t h e  pu l se  
shape and amplitude a t  cons tan t  condi t ions  except  f o r  a tempera- 
t u r e  inc rease  of 30'K. The r e s u l t ,  as shown i n  Fig.  22, i s  t h a t  
t he  pu l se  shape i s  broadened and s h i f t e d  s l i g h t l y  i n  t i m e  and 
t h e  amplitude i s  decreased. I t  w i l l  be shown i n  a subsequent 
s e c t i o n  t h a t  t h e  peak s h i f t  i s  minor i n  comparison with the pu l se  
broadening and amplitude change, so  t h a t  peak s h i f t  i s  a less 
s e n s i t i v e  i n d i c a t o r  of t h e  temperature than the pulse  shape. I n  
add i t ion ,  t h e  d e t e c t i o n  of t h e  peak s h i f t  r e q u i r e s  a d e t e c t o r  
channel. width smaller than t h e  s h i f t  t o  be measured, which i n  
t h e  case c i t e d  i n  F ig .  22  i s  only 4 0  nsec.  N o t  on lywould  t h i s  
reduced channel width (a t )  decrease t h e  measurement s e n s i t i v i t y ,  
b u t  a l s o  t h e r e  i s  some ques t ion  whether equipment t o  perform 
t h i s  r a p i d  switching and counting i s  wi th in  t h e  state of t h e  
a r t .  On t h e  o t h e r  hand, both t h e  pu l se  shape and peak h e i g h t  
can be e s t a b l i s h e d  accu ra t e ly  using p resen t ly  a t t a i n a b l e  d e t e c t o r  
channel widths ,  thus  inc reas ing  t h e  s e n s i t i v i t y .  
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The data presented in Fig. 22 for the TOF wave form for a 
high speed probe can be compared with the TOF wave form for a 
thermal beam presen ed in Figo 23. The influence of an increase 
in the gas temperature of 30°K is to be compared in the two cases. 
For the high speed case, the temperature increase and its effect 
on the speed ratio (S E U/vm or U[m/ZkTI%) has a major influence 
on the shape of the TOF signal but little effect on the flight 
time, The TOF signal is broadened and deereased in amplitude. 
In the thermal beam case (U = 01, on the other hand, the in- 
creased temperature leads to not only a distortion in signal 
shape, including an increase in peak amplitude, but also a sig- 
nificant change in flight time measured with reference to the 
peak 

The TOF signal, given by Eq. (3.1,3-2), is a function of 
both vehicle speed U and ambient gas temperature through vm. 
the case of constant temperature and varying vehicle speed, the 
calculations of Zorn and Pearl (ref. 4 8 ) ,  presented in Fig. 24, 
may be consulted. These data indicate the changes in the TOF 
wave form for molecular nitrogen at a constant temperature of 
900QK, while the vehicle speed is varied such that the speed 
ratio changes from 2 to 15. These characteristics are suggestive 
of the results from a rocket experiment in that there are sub- 
stantial changes in the vehicle speed along the trajectory, esp- 
ecially near the apex where the speed ratio is reduced almost to 
zero. On the other hand, for a satellite experiment, the vehicle 
speed remains rather constant while the speed ratio is altered by 
changes in the temperature. To indicate how the TCF wave form 
changes under these conditions, two typical values for the vehicle 
speed were chosen (5 and 8 km-sec'l), and the relative TO? signals 
were calculated for molecular nitrogen temperatures from 300 to 
900OK; the results are presented inPigo 25, From the data of 

For 
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Figs. 24 and 25, it can be seen that the flight time or position 
of the TOP signal in time space is primarily controlled by the 
vehicle speed, and the shape of the pulse is controlled by the 
speed ratio which, for a given vehicle speed, is only a function 
of the gas temperature. One can also obtain from the figures an 
appreciation of the extreme demands placed upon the time resolv- 
ing electronic instrumentation in order to obtain sufficient 
signal resolution for a high speed vehicle measurement in com- 
parison with that required, for instance, in the case of the 
thermal beam measurements by Locke and French (ref. 10). 

From the data of Fig. 25, in which the TOP signals are shown 
for temperatures of 300 and 330°K, the temperature resolution pro- 
vided by the TOF detection method may be obtained. Since the 
data analysis techniques for establishing the correlation between 
peak shape and temperature have not as, yet been fully developed, 
a simplified approach was used to estimate the temperature reso- 
lution as a function of temperagure, The estimate of the pulse 
shape used was the ratio of peak height to peak width at half 
maximum (referred to as S), and this data is plotted as a func- 
tion of temperature; the results are presented in Fig, 26, The 
data in the region of interest for thermospheric temperature 
measurements are found to fit an equation of the form 

logs = 210gT f C. 
(30103-3) 
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It is estimated that the peak shape is known to within an 
accuracy of 11% with a confidence level greater than 99%.* To 
find the relative probable error in temperature (AT/T) result- 
ing from a relative probable error in the ratio of peak height to 
peak width at half maximum (AS/S) ,  Eq. (3.1.3-3) may be dif- 
ferentiated to yield 

(3. L3-4) 

Thus, for the assumed 11% relative probable error in S, 
which would result from having no greater than 4550 counts at 
the one half peak amplitude point, it is seen that a relative 
probable error in temperature measurement of 5.5% is attain- 
able with the MTOF detection scheme. Further analysis with 
other curve fitting schemes is necessary to establish whether 
greater accuracy can be attained. 

*As shown by Evans (ref. 53), it may be concluded that a 

mean derived from n counts from a binomial distribution dif- 
fers by no more than 270/ hi% 
level greater than 99%. Thus, for a confidence level greater 
than 99%, the total number of counts required at each half peak 
amplitude point, for 4% relative probable error of each (total 
of 8%), is n = (270/4)2 = 4550 counts, 

from the tru mean for a confidence 
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As was indicated earlier, the shift of the peak of the dis- 
tribution is a less sensitive measure of the temperature than the 
relative peak shape. Using 8 l o 5  and 5 x LO5 cm-sec-? as 
typical vehicle speeds, calculations of the peak shift with 
temperature were performed. Presented in Fig, 27 are the data 
for the flight time at the peak of the TOF distribution as a 
function of temperature. The nearly linear relationship for 
U = 8 x LO5 cm-sec-l yields a slope of 3.32 x lo-'' sec-°K"L 
and although the curve for U = 5 x l o 5  cm-sec-' is not linear, 
it can be seen that the slope of this curve at any temperature 
is about four times greater than for the higher speed case. 
However, even for U = 5 x l o 5  cm-sec-l, which has the highest 
sensitivity, in order to measure T to an accuracy of 4% at 
300°K, it would be required to measure a peak shift as small 
as 16 nsec, which is not possible using present state-of-the- 
art detecting and counting circuits. 

Referring to Fig, 21, it can be seen that the entire TOF 
signal is only 14 psec wide at the base and has a significant 
magnitude for only 8 or 9 usec. The choice of a detector chan- 
nel width (at) which is narrow enough for the necessary time 
resolution will result in a compromise between the desirable 
resolution and the minimw channel width attainable, Intrinsic 
limitations involved in the final compromise will be the det- 
ector time constant, which results from the finite transit time 

time constant associated with the electronic switching from one 
detection channel to the next. The transit time and the switch- 
ing time are functions of the actual hardware which will be cho- 
sen for the flight detection system, but for this analysis dt 
has been chosen to be representative of the smallest value achiev- 

he electron pulse through the electron multiplier, and the 

e with present flight instrumentation, 
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Sufficient data is now available to,estimate the system 
sensitivity by calculating the cournkhg rates, based on the 
established estimates of the parameters appearing in Eq, ( 3 e 1 e 2 - 1 2 ) e  

The counting rate at the peak of the TOF distribution will be 
used in defining the system sensitivity, The value of t cor- 
responding to the peak is obtained by standard techniques of 
analytical calculus and yields: 

f- 9 

RL- U+(U2+8v 2 ,  m - - - 
tm 2 

4vm 
( 3 , P ,  3 -5 )  

which, for S > > 1  , can be approximated as 

( 3  1,3-6) 

Upon inserting this Value of tm in Eq. 
ing rate at the peak of the TOF distribution is found to be 

( 3 - 1 6 2 - 1 2 ) p  the count- 

Maximized values of the parameters used to calculate the 
counting rate at the peak of the TOF diskribution according to 
Eq, ( 3 . 1 - 3 - 7 )  are presented in Table 11,. In order ta establish 
what a typical counting rate would be, a calculation was first 
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TABLE I1 

Estimated values  of the parameters affecting the MTOF 
system sensitivity 

PARAMETER I ESTIMATED VALUE I REMARKS 
- 

ie 7.0 x I O m 4  amperes 
n 0,s no cme3 

*see section 2.2.2 
see section 2.3,2 
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made f o r  a temperature of 3 O O O X  and f o r  a veh ic l e  speed of 
5 x l o 5  cm-sec-l. Since 300°K corresponds t o  t h e  temperature 
of the  thermosphere near 1 2 0  km, an atmospheric dens i ty  of 
5 x l o 1 ’  cmS3 w a s  chosen, i n  accordance w i t h  t h e  Spring/Fal l  
Model ( ref ,  54) .  With these parameters,  t h e  counting rate a t  
t h e  peak of t h e  TOF d i s t r i b u t i o n  i s  

[dN* (t) I m a x  = 1 . 2 5  x l o 5  counts/sec. ( 3  1 e 3-8)  

Before ex t r apo la t ing  t o  lower.densi t ies ,  it i s  necessary t o  
examine what t h e  above counting rate implies  and also t o  e s t a b l i s h  
what counting rate is requi red  i n  order t o  determine t h e  d is -  

t r i b u t i o n  w i t h  s u f f i c i e n t  accuracy t h a t  t h e  temperature can un- 
ambiguously be determined. Following t h e  argument i n  t h e  footnote  
of page 85 for g r e a t e r  than 99% confidence t h a t  there i s  a rel- 
a t i v e  probable error no g r e a t e r  than 4 %  i n  the counting ra te  cor- 
responding t o  t h e  d e t e c t i o n  channel measuring t h e  TOF d i s t r i b u t i o n  
a t  h a l f  maximum, t h e  counting r a t e  a t  t h e  peak of t h e  d i s t r i b u t i o n  
must be appro ima te ly  9000 counts j sec  and t h e  probable error as- 
soc ia t ed  w i t h  t h i s  counting r a t e  w i l l  be about 3 % .  A s  s t a t e d  
ear l ier ,  t h i s  t o t a l  e r r o r  of 11% i n  TOF d i s t r i b u t i o n  shape leads 
t o  5.5% error i n  temperature determinat ion,  

The upper a l t i t u d e  l i m i t  f o r  opera t ion  of t h e  system, w i t h  

t he  l a t t e r  estimated error ,  depends on both t h e  ambient dens i ty  
and speed r a t io ,  which decreases a s  a l t i t u d e  inc reases  for  the  
same veh ic l e  speed. Calcu la t ions  were made of t h e  upper l i m i t  
using t h e  Spr ing/Fa l l  Model (ref, 5 4 )  and a r e  presented i n  F ig .  28  

as a bar graph showing t h e  range of opera t ion  of t h e  MTOF temper- 
a t u r e  d e t e c t i o n  scheme, The lower a l t i t u d e  l i m i t  i n  these cases 
90 __  - . 
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is determined by vehicle and instrument limitations, In the case 
of a satellite, the minimum perigee is limited to approximately 
120 km and in any case the approach to transition flow occurs at 
approximately 100-110 km, depending on the vehicle dimensions. 

3.2 FLUX ANGULAR DKSTRIBUTION ANALYSIS 

One of the basic characteristics of the flux transmitted 
through the inlet system of a high speed vehicle is that the 
differential flux into a given solid angle is a function of the 
speed ratio (S E U/v,) and is, therefore, inversely proportional 
to T since vm = (2kT/m) . For decreasing values of the 
vehicle speed (U) and correspondingly lower values of S, the 
flux distribution is less dependent on the relative motion of the 
vehicle and more dependent on the thermal motion of the molecules. 
One would expect, therefore, that the flux distribution would be 
more diffuse for lower values of S and become increasingly lobe- 
like as S increases. This is, in fact, what happens and it is 
this character of the spatial distribution which yields information 
concerning the temperature of the gas, assuming that U is known. 

% 

In this section, the temperature dependence of the spatial 
distribution of the total transmitted flux will be considered, A 
measurement technique which will provide the necessary temperature 
information either by measuring the change in the magnitude of the 
differential flux into a fixed solid angle or by measuring the angu- 
lar distribution of the flux as a function of solid angle will be 
analyzed. The former measurement requires constant or known de- 
tector sensitivity over the range of densities of the measurements, 
since the temperature information is determined from the relative 
change of the axial flux with speed ratio, the change in the speed 
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ratio arising as a result of the.dependence of 
Since these measurements are made under changing inlet conditions, 
additional information concerning Che Cokal density and composition 
are necessary to compute the temperature. In the latter case, 
the measurement of the angular distribution, one requires only 
that the detector sensitivity remain constant during a given 
measurement, which can be made,under constant inlet conditions. 
The temperature information is derived from the relative slopes 
of the angular distribution curves as a function of speed ratio. 

vm on T. 

For an inlet system similar to the one discussed in the 
previous section, consider the transmitted flux as though it is 
projected on a plane displaced a distance R from the exit 
orifice of the skimmer. The data required fs the differential 
flux contained in an element of solid angle dw displaced from 
the system axis at an angle 4 and.passbng through the plane 
at R . Using a previously developed computer program (ref, 13), 
values of dF/dw for various values of T were computed. Since 
these computations reflect the input parameters chosen for the 
calculations, they apply to a specific inlet geometry and inlet 
density. The input parameters used were: 1) U = 4 x l o 5  cm/sec, 
2 )  no = 5 x 1015 ~m’~, 3 )  molecular weight = 4 4 ,  and 4 )  inlet 
radius = 5 x 10-3cm. Presented in Fig. 29 are the computed re- 
sults for dF/do as a function of w for temperatures from 150- 
1000°K, It can be seen that there is a dependence of the axial 
flux on T as well as a dependence of the rate of change of 
dF/dw on T, However, as discussed above, the more appropriate 
measurement to make is the angular disixibution, since it is an 
instantaneous measurement under constant inlet conditions. There- 
fore, the remainder of the discussion will be limited to that 
measurement, 
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7" 

To v i s u a l i z e  t h e  dependence on T each of t h e  curves of 
Fig,  29 has been normalized wi th  r e s p  c t  t o  t h e  a x i a l  magnitude 
of dF/dw, and t h e s e  curves are presented i n  Fig.  3 0 .  To express  
the data e x p l i c i t l y  i n  terms of T t he  data of Fig. 30 has 

been r e p l o t t e d  as normalized f l u x  p e r  u n i t  so l id  angle  a s  a 
func t ion  of T and are presented i n  Fig.  31. It can be seen 
t h a t  t he  g r e a t e s t  temperature s e n s i t i v i t y  occurs  a t  t h e  lower 
temperatures and fo r  t h e  l a r g e r  sol id  angles .  T h e  l i m i t a t i o n  
on choosing y e t  l a r g e r  s o l i d  angles  i s  t h a t  t he  s i g n a l  is  de- 

c reas ing  r ap id ly  * 

I n  consider ing p o s s i b l e  methods f o r  measuring the angular  
d i s t r i b u t i o n  of t h e  f l u x ,  it must be r e a l i z e d  t h a t  t h e  requi re -  
men t s  f o r  choosing a s u i t a b l e  d e t e c t i o n  system are q u i t e  d i f -  

f e r e n t  than i n  t he  previous d iscuss ion .  Some of these con- 
s i d e r a t i o n s  a r e  as follows: 

1. 

2. 

3.  

I n  c o n t r a s t  t o  t h e  previous d e t e c t i o n  system, 
which requi red  good a x i a l  r e s o l u t i o n ,  t h i s  
measurement r e q u i r e s  good r a d i a l  r e s o l u t i o n .  

Since t h i s  i s  a d i f f e r e n t i a l  measurement w i t h  
r e spec t  t o  t h e  s p a t i a l  coord ina tes  only ,  it being 
an i n t e g r a l  measurement w i t h  r e spec t  t o  the  
v e l o c i t y  coord ina tes ,  t h e  d e t e c t o r  can be a con- 
t inuous ly  ope ra t ing  f l u x  o r  dens i ty  detector. 

Since measurements a r e  t o  be made a t  r a t h e r  l a r g e  
s o l i d  angles ,  e i t h e r  t h e  skimmer diameters and 
l o c a t i o n s  must be such as t o  prevent  e x t e r i o r  
molecular flux from impinging on t h e  detector 
en t rance  ape r tu re s  o r  t h e  volume between t h e  
skimmer and t h e  d e t e c t o r  p lane  enclosed. This  
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latter choice, of course, requires that the volume 
be pumped since, otherwise, the scattered gas density 
would be more than an order of magnitude greater 
than the unscattered beam density. 

4. If total density detectors are used, precautions 
must be taken to prevent scattering of the flux 
at the grids and other electrodes, 

Three possible d4tection schemes for establishing the 
angular flux distributkon will be considered, each of which has 
essentially the same components except that the geometry of the 
collimating apertures is arranged differently in each case. 
Therefore, the arrangement of the components is shown only once 
and is presented schematically in Fig. 32 as a side view. To 
indicate the difference in the systems, a front view of the 
detector plane is shown for each detection system in Fig. 33 (a), 
33 (b), and 33 (c). The system in Fig,.33 (a) utilizes a number 
of stationary, total density detectors arranged in a mosaic pat- 
tern. The signal of each, when normalized with respect to that 
of the axial detector, allows an instantaneous representation of 
the radial flux distribution. The system in Fig. 33 (b) is also 
a total density device, but the distribution is established by 
scanning the detector radially. The system represented in 
Fig. 33 (c) utilizes an array of flux detectors, such as thin 
foil enthalpy detectors or thermoelectric or pyroelectric de- 
tectors. Since flux detectors are sensitive to radiant energy 
inputs, the system must provide additional shielding from exterior 
radiant energy. 
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E s t i m a t e s  of t h e  d e t e c t o r  s i g n a l - f o r  t h e  geometr ical  ar- 
rangement as shown i n  Fig,  33 (a) haverbeen made. The inpu t  
parameters used i n  t h e  ca lcu la t ions-are-shown i n  Table 111. 

These i n p u t s ,  t oge the r  with the  f l u  i s t r i b u t i o n  curves,  y i e l d  
a curve of detector ion  c u r r e n t  vs, s o l i d  angle  as shown i n  
Fig.  3 4 .  A detector s e n s i t i v i t y  of 9,3 x A per  molecule/ 
e m 3  (ref. 50) (equiva len t  t o  4.55 x A / T o r r )  has been used 
i n  t h e  c a l c u l a t i o n s .  

3 . 3  RETARDING POTENTIAL ENERGY DISTRIBUTION ANALYSIS 

I n  i t s  s imples t  f o r m ,  the  r e t a rdkng .po ten t i a1  energy an- 
a l y z e r  c o n s i s t s  of a p lane  p a r a l l e l - d i o d e ,  one su r face  being 
the  emitter and t h e  other t h e  c o l l e c t o r .  I f  the  p o t e n t i a l  
d i f f e r e n c e  between t h e  emitter and c o l l e c t o r  i s  p o s i t i v e  o r  
zero ( f o r  t he  case of e l e c t r o n s ) , . t h e  c o l l e c t o r  c u r r e n t  i s  
s a t u r a t e d  and r e g i s t e r s  a cons tan t  value.  A s  t h e  p o t e n t i a l  
d i f f e r e n c e  i s  made more negat ive ,  fewer of the e l e c t r o n s  have 
s u f f i c i e n t  energy t o  p e n e t r a t e  t h e  poben t i a l  b a r r i e r  and reach 
the  c o l l e c t o r .  I f  a p l o t  i s  then made of c o l l e c t o r  c u r r e n t  vs.  
r e t a r d i n g  p o t e n t i a l  d i f f e r e n c e ,  the  r e s u l t  i s  an i n t e g r a l  d i sp l ay  
of t h e  energy d i s t r i b u t i o n  of t h e  e l e c t r o n s ,  t he  slope of t h e  
curve being inve r se ly  propor t iona l  t o  t h e  temperature of the  

emitter. 

1 0 1  



Input parameters for estimathg-the system sensitivity 
for the total density, flux angular distribution measurement. 

1. n = 1010 cm-3 

2. S = 11.7, 6.53 

3. u = 4 x 105 cm/sec 

4, T = 300°K T = lOOOOK 

5. du = 10-3 sr 
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The use of retarding potential methods for establishing 
the energy distribution of electron beams has been discussed 
in the literature, and the technique has been perfected suf- 
ficiently that quite accurate correlations between the tempera- 
ture derived from the retarding potential data and dire 
measurements of the cathode temperature are found, 
the simplicity of the design and the accuracy does not com- 
pletely apply when the same techniques are used to establish 
the temperature of an ion beam. Since the retarding potential 
technique affects only the axial component of the particle 
momentum, a means must be devised to reduce the effects of 
axial distortion of the energy distribution, This is usually 
accomplished, in the case of electron energy analysis, by 
applying an axial magnetic field of a few kilogauss. Such 

However, 

fields are neither practical in flight experiments nor effective 
for ion energy analysis. A practical solution is to use a total 
energy spectrometer, in which a converging-diverging lens system 
focuses the total flux into normal incidence on the plane of the 
retarding electrode. Discussions of a system and results ob- 
tained using this technique have been presented by Hell and 
Scott (ref. 12), both for electron and ion energy analysis, 
Factors influencing the electron energy resolution were lens 
aberrations, due to the finite extent of the source, the need 
of focusing particles of different energy, and field penetration 
through the openings in the retarding grid (screen), The energy 
resolution attained for the electron spectrometer was 10 meV, 
which corresponds to a temperature of approximately 50OK. 
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. . .  

I n  the case of the ion  energy spectrometer ,  an a d d i t i o n a l  
f a c t o r  in f luenc ing  the  r e s o l u t i o n  is *he effect  of t h e  e l e c t r o n  
space charge,  which inf luences  both k h e - o p e r a t i o n  of t h e  ion  
o p t i c a l  system and t h e  energy of t h e - p a r t i c l e s  as they a r r i v e  a t  
t h e  r e t a rd ing  electrode., This l a t t e r  e f f e c t  in f luences  t h e  
establ ishment  of t h e  zero of t he  r e t a r d i n g  vol tage  scale, which 
can be thought of as similar  t o  the  effect  of t h e  work func t ion  
d i f f e rence .  

I n  applying t h e  technique t o  t h e  measurement of a cesium 
ion  beam, H e i l  and Scott found &ha& kheskernperature established 
from t h e  r e t a rd ing  energy spectrum w a s  240QK lower than t h e  
temperature of t h e  source.  This d i f f e r e n c e  i s  outs ide  the  

l i m i t s  of experimental  e r r o r  and t h e  explanat ion f o r  t h e  r e s u l t  
w a s  no t  known, 

The ques t ion  of whether t h e . e f f e c t s . o f  space charge a c t u a l l y  
change t h e  v e l o c i t y  d i s t r i b u t i o n  of t h e  ions  wi th  r e spec t  t o  
t h e  Maxwellian d i s t r i b u t i o n  of t h e  n e u t r a l  beam i s  not  known w i t h  

c e r t a i n t y  and experimental  evaluakion of t h e  effect  of e l e c t r o n  
beams under varying condi t ions  of space charge i s  required.  

I t  is  shown i n  Appendix A t h a t  f o r " a  mpere e l e c t r o n  
beam of uniform d e n s i t y ,  having t h e  dimensions c h a r a c t e r i s t i c  
of t h a t  requi red  f o r  space f l i g h t .  a p p l i c a t i o n s ,  the  p o t e n t i a l  
v a r i a t i o n  across t h e  ion  producing .region i s  0 .15  v o l t s .  The 

unce r t a in ty  i n  temperature corresponding t o  t h i s  energy i s  
1800'K and t h e  in t roduc t ion  of evensa s m a l l  f r a c t i o n  of t h a t  
uncer ta in ty  i n t o  the ion  productionmechanism could lead  t o  a 
d i s t o r t i o n  of t h e  energy d i s t r i b u t i o n  of t h e  molecules. These 
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space charge effects can be reduced by decreasing the ionizing 
electron current density. However, this results in a propor- 
tionally lower sensitivity and, thus, makes the retarding 
potential measuremenks less attractive than the previously 
discussed time-of-flight or flux distribution measurements, 

4 ,  DISCUSSION OF RESULTS AND CONCLUSIONS 

The recent interest in the use of detection systems 
utilizing metastable energy state's as opposed to ions is due 
not only to the fact that the neutral excited molecules are 
less susceptible to instrumental perturbations caused by stray 
electric and magnetic fields or charge distortion in general, 
but also that there is more selectivity in the production of a 
particular metastable gas species than there is for ion pro- 
duction. Since the production of metastables generally involves 
an electron exchange collision, the maximum cross-section oc- 
curs within a few tenths of an eV of threshold and decreases 
rapidly as the electron energy increases. This is to be con- 
trasted with the broad maxima of the ionization cross-section, 
Additional discrimination in the production of metastables is 
possible due to the difference in energy separation of the 
metastable states from ground state for different gas species. 
In some cases, it is possible to selectively excite the com- 
ponents of a gas mixture by proper choice of the excitation 
energy. Furthermore, there is additional discrimination al- 
lowed at the detector when Auger detection is used. The pos- 
sibiliti of capitalizing on these unique characteristics as ap- 
plied to a detection system for probing the properties of planetary 
atmospheres, as evidenced by recent discussions in the literature, 
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provided a d d i t i o n a l  s t imulus  for  e-atskrorough a n a l y s i s  of t h e  

technique and an eva lua t ion  of i t s  a p p l i c a b i l i t y  as a f l i g h t  
d e t e c t i o n  system. 

T h i s  r e p o r t  p re sen t s  t h e  r e s u l t s  'of ,khat  f e a s i b i l i t y  study 
for  e s t a b l i s h i n g  techniques t o  measure , the  atmospheric gas  
temperature i n  t h e  E a r t h ' s  thermosphere; although t h e  techniques 
a r e  not  l i m i t e d  t o  t h a t  app l i ca t ion ,  Primary emphasis w a s  
p laced on the  metastable t ime-of-f l ight  t e m n i q u e ,  s i n c e  l i t t l e  
information i s  a v a i l a b l e  t o  eva lua te  i t s  a p p l i c a b i l i t y .  However, 
two o t h e r  methods, one based on thp  s p a t i a l  d i s t r i b u t i o n  of t h e  

t r a n s m i t t e d  f l u x  and t h e  o t h e r  based .on . the  r e t a r d i n g  p o t e n t i a l  
energy spectrometer ,  were also i n v e s t i g a t e d ,  s i n c e  there i s  a 
need for  de f in ing  techniques which produce d i r e c t  or  instantaneous 
measurements r a t h e r  than i n d i r e c t  or  i n f e r r e d  ones and which are 
appl icable .  t o  t h e  requirements o f -  khe. v a r i a b l e  opera t ing  con- 
d i t i o n s  of a n t i c i p a t e d  f l i g h t  e lper iments .  

b 

I n  der iv ing  the  express ion$-represent ing  the  s i g n a l  of t h e  
MTOF d e t e c t i o n  system and the  subsequent c a l c u l a t i o n  of t he  
s i g n a l  for  a s p e c i f i c  molecular densiky, i k  w a s  necessary t o  as- 
s i g n  a value t o  t h e  e l e c t r o n  impact exc ika t ion  c ross -sec t ion  and 
the  secondary e l e c t r o n  y i e l d  a t  t h e  dekector. I n  add i t ion  t o  
o thee  effects,  both of these quank5t ies  are inf luenced by t h e  
l a r g e  relative v e l o c i t y  of the  veh ic l e ;  t h e  high speed leads t o  
a s h o r t  f l i g h t  t i m e  fo r  the metastable molecules and, t h u s ,  an in-  
creased number of them which would okherwise have decayed by 

emission of photons w i l l  a r r i v e - a k k h e  d e t e c t o r  and add t o  t h e  
t o t a l  TOF s i g n a l .  Since t h e  excikakion- c ross -sec t ion  of t h e s e  
sho r t - l i ved  energy states (predominantly E3Z +* and a l r  and 
t o  a lesser degree 

g g 
B 3 r  1 .are such t h a t  they c o l l e c t i v e l y  add a 

g 
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s i g n i f i c a n t  number of metastables-to t h e  high speed beam, it i s  
t o  be expected t h a t  t h e  t o t a l  exc5takion cross -sec t ion  would be 
g r e a t e r  t han  t h a t  f o r  a thermal- beam; thus ,  g r e a t e r  measurement 
s e n s i t i v i t y  would also be a t t a i n e d ,  .Based on t h e  l i m i t e d  d a t a  
a v a i l a b l e  from Locke and French. ( r e f ,  1 0 )  on the  t o t a l  e x c i t a t i o n  
cross-section-secondary e l e c t r o n  c a e f f i c i e n t  product f o r  a thermal 
beam of N 2  metastables, a comparison .can be made between t h e i r  
value and t h a t  p red ic t ed  for the .h igh . speed  beam t o  see whether  
t he  estimated value i s  realistic,:, 
value of 1 . 7  x c m 2  for  t h e  t o t a l  e x c i t a t i o n  cross-sect ion-  
secondary e l e c t r o n  c o e f f i c i e n t  product (designated as Qn i n  
ref.10) for  an e l e c t r o n  e x c i t a t i o n  energy of 9,8 e V  and a ”gas 
covered” tungsten d e t e c t o r ,  The.corresponding est imated value 
(designated a s  o y )  f o r  t h e  high speed beam for  an e l e c t r o n  exc i t a -  
t i o n  energy of 1 2  e V  and a c lean  tungsten detector i s  2,15 x 10”’ * 
c m 2 .  For an oxygen covered tungs t en .de tec to r ,  t h e  estimated value 
is  6 .0  x c m 2 .  Thus, dependingson the  gas coverage, t he  
estimated value may o r  may no t  be g r e a t e r  than t h a t  measured by 
Locke and French. Since t h e  gas-coverage w a s  no t  s p e c i f i e d  by 
Locke and French, it i s  d i f f i c u l t  t o  make a direct  comparison; 
however, it i s  no t  u n r e a l i s t i c  t o  expect3 t h a t  the  increased 
e x c i t a t i o n  c ross -sec t ion  f o r  t h e  high ,speed beam, toge ther  w i t h  

t h e  increased secondary e l e c t r o n  y i e l d  f o r  a c l ean  detector, 
would provide an o rde r  of magnitude inc rease  i n  t h e  s e n s i t i v i t y ,  

Locke and French r e p o r t  a 

The s e l e c t i v i t y  of the  MTOF-dekeckion system w i t h  regard 
t o  gas composition i s  a d e f i n i t e  advantage for measurements i n  
t h e  thermosphere, s i n c e  t h e  measuremenks and the  ana lys i s  can be 

treated as though the atmosphere were-a s i n g l e  component gas, 
Therefore,  t h e  d i s t r i b u t i o n  e s t a b l i s h e d  by t h e  d e t e c t i o n  system 
i s  r e p r e s e n t a t i v e  of t h e  atmQsphesic--temperature and is  no t  d i s -  

torted by t h e  overlapping TOF s i g n a l s  of d i f f e r e n t  molecular 
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weight componer)ts. The tempera~~re-:resolution associated with 
the MTOF detection system was establksbed-in terms of the rela- 
tive change of the pulse-shape-wikh-Cemperature and was shown 
to be - + 5.5% over the range from 300-1000°K. 

In those cases where the-MTQF-technique has inadequate 
sensitivity (iae. measurements in the Martian atmosphere which 
is predominantly C 0 2 ) ,  some alternate detection scheme must be 
chosen. The flux distribution.melhod;.which is a total density 
detection system, was evaluated and the-temperature measurement 
sensitivity and resolution were established for the same operating 
conditions as the MTOF system. In order to measure the temper- 
ature at an altitude of 170 km, the dekector ion current would be 
approximately 10-1 
this altitude (T = 850°K), the.measurement of-a change in the 
relative detector response of 10% is also-required. As the 
density increases and the temperakure-decreases , both the ion 
current and the temperature resolution-increase until at 300°K 
the resolution is such that for a 10% kemperature change the 
relative detector response changes by 15%*. .Although knowledge 
of the probable error associated.wLth -a-given relative detector 
output is required to indicate whether 10 or 15% changes is 
detector response can be adequately resolved, which involves an 
experimental evaluation of the detec'cion instrumentation, one 
is left with considerable skepticism:when anticipating such 
resolution in the 10"lo-lO-llampere regions. 

amps and for- 10% .temperature resolution at 

Likewise, an experimental evahuakion of the effects of electron 
space charge on the ion energy res,olukion attainable with the 
retarding potential energy spectromeker is required before a 
final decision can be made regarding .the-.temperature resolution 
whicp can be realized. However, even if resolution comparable 
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with the electron energy analysis is achievable, the temperature 
resolution is approximately - + 50'K. 

Therefore, for measurements in the Earth's thermosphere, the 
MTOF detection system is seen to have the best temperature 
resolution of the methods evaluated. However, the other methods 
are suitable alternate choices, in particular when the MTOF 
system has inadequate sensitivity. 

The advantages of atmospheric measurements based on the 
properties of an unscattered molecular beam as opposed to thermal 
equilibration measurements cannot be stressed too strongly and, 
although beam measurements are recognized as being plagued with 
low sensitivity, the flow properties and angular distribution of 
the beam flux for a high speed vehicle permit sensitivities which 
are greater than that associated with normal laboratory beams. 
It is concluded, as a result of the analyses presented in this 
report, that the detection systems discussed have sufficient 
sensitivity for measurements to approximately 170 km in the Earth's 
thermosphere. The certitude associated with the parameter evalua- 
tions is not known and, therefore, the next logical step in the 
evolution of a flight detection system would be the experimental 
verification of these parameters under conditions simulating the 
high speed vehicle environment, since the performance of the 
detection systems depend on, and are a result of, the high speed 
conditions. 
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APPENDIX A 

Space Charge P o t e n t i a l  Due To A Uniform Elec t ron  Beam 

The following ca l cu la t ion  p rov ides ' an  estimate of t h e  mag- 
n i tude  of t h e  space charge po ten t i a l adue  t o  a uniform, cy l ind r i -  
cal  e l e c t r o n  beam w i t h  ope ra t ing  parameters t y p i c a l  of t hose  
considered for  a f l i g h t  de t ec t ion  system. Consider t h e  f o l -  
lowing beam geometry: 

R 

For a c y l i n d r i c a l  Gaussian e l emen t . l oca t ed  near  t h e  cen te r  
of t h e  beam (where i t s  length  d R c < R ) ,  and because of t h e  geo- 
metrical symmetry and t h e  assumed uniform charge dens i ty ,  t h e  
only non-zero component of t h e  electric f i e l d  vec to r  i s  E . 
Therefore,  applying Gauss 's  Law y i e l d s  

r 

t- 



or 

E r 2 n r d R  = 471p71r26R 

which reduces t o  

E = 2 n p r  
1: 

(A-2) 

(A- 3 1 

where p is  t h e  e l e c t r o n  charge dens i ty .  The g rad ien t  of t h e  
p o t e n t i a l ,  dependent only on r , i s  

or  

(A-5) 

Combining Eq.  (A-3) and (A-5) and i n t e g r a t i n g  from the  c e n t e r  
of t h e  beam t o  R ,  t h e  p o t e n t i a l  difference becomes 

or  

A$(R)  = - ?rpR2 * 

04-61 

(A-7) 
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For a beam of uniform charge density, accelerated at a 
potential V , the total electron current becomes 

0 

i e = pv,nR2 0 (A- 9 ) 

However, equating the kinetic and potential energy, the electron 
velocity is 

Substituting {A-lO) into (A-9) and solving for 

i r n  S, 
e e  

(A-10) 

P r  

Therefore, using Eq, (A-11) and (A-71, it follows that 

(A-11) 

( A - 1 2 )  

Using the following conditions, representative of para- 
meters to be used in the detection system, 

1. ie = 10-4 amperes 

D v = 100 volts 
0 
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the potential difference from &he cenker of the electron bepm 
to that at R is calculated to be 

A $  (R) = 0.15 volts ., (A-13) 
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APPENDIX B 

LIST OF SYMBOLS 

E (i-M) 

E (m-M) 

E (n-M) 

Ei 

Ei' 

Ek (e-) 

Eth 

EX 

EX 
? 

e 
- 
e 

- 
e 

dF 
m 

n 

dF 

Interaction energy of an ion and a metal 
surface, eV. 

Interaction energy of a metastable and a metal 
surface, eV, 

Interaction energy of a neutral molecule and a 
metal surface, eV. 

Ionization energy of a free molecule, eV, 

Effective ionization energy level, eV. 

Kinetic energy of ejected electrons, eV. 

Threshold energy for electron ejection, eV. 

Excitation energy of a free molecule, eV, 

Effective excitation energy level, eV. 

Electronic charge, coul, 

Free electron. 

Metal electron. 

Differential flux, sec 

Differential flux density, cm -sec 

-1 

- 2  -1 

Maxwell-Boltzmann distribution function, 

Electron current, amperes. 
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K Attenuation coefficient, 

k 

R 

m 

N" . 
N" 

n 

n 
0 

n, 

S 
c 

T 

mann constant, erg-"K-I. 

Length-to-diameter ratio, 

Flight path length, an, 

Molecular mass! gm, 

Number of metastables, 

Number of metastables per unit time, sec-l0 

Molecular density at the interaction region, ~ m - 3 ~  

Atmosphekie density, CTn-30 

Axial density of the transmitted flux, crn-3" 

Electron collision probability per unit path 
length, cm-1. 

Speed ratio, 

Signal-to-noise ratio. 

Separation distance of metastable from a metal 
surface, cm. 

Critical separation affecting the excitation 
energy levels of metastables, cm. 

Gas temperature, "K, 

Geometrical transmission function. 
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t 

dt 

t' 

Ate 

m t 

U 

V 

vm 
X 

X L/D 

X+ 

Xm 

a 

Y 

'kin 

Y P o t  

F E 

rl = KY 

Flight time, sec, 

Detector delay gating interval, sec. 

Metastable drift time, sec. 

Electron beam pulse duration, sec. 

Time-of-flight corresponding to the maximum of 
the velocity distribution, seco 

Vehicle speed, cm-sec-l 

Particle velocity, cm-sec'l 

Relative molecular velocity, cm-sec-1 

Most probable thermal molecular speed, cm-sec-l 

Ground state particle. 

Dimensionless length, 

Ion. 

Metastable molecule. 

Angle of incidence, deg, 

Fermi energy levels, eV. 

Total secondary electron yield. 

Kinetic yield. 

Potential yield. 

Total depth of the Fermi energy levels, eV. 

Detector sensitivity. 
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E tan”lR/L Transmission angle, 
e o  

Electron path length, cm, 
e h 

1.I Ratio of incident ion mass to target atom mass, 

P Electron pulse repetition rate, secW1. 

Total electron impact excitation cross-section, 
cm2 

9 Work function, eV. 

4 E tan’lD/L Transmission angle, 

d w  Differential solid anglep sr. 
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