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FPEASIBILITY 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-
nigques.

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 10'° em™® which corresponds
to measurements in the thermosphere at an altitude of about 170
km,

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



1. INTRODUCTION

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

1) 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

2) 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.

In the latter case, 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
froem those corresponding to the assumed model, and to non-
equilibrium effects.

In the former case, 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.



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. 4) 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



methods of sampling planetary atmospheres (ref. 7}, it was
concluded that the method which avoided most of the above
problems utilized an inlet which provided the sample in the
form of an unscattered molecular beam.

In this report, discussions will be presented of three
methods_for determining the atmospheric temperature based on

measurements utilizing a molecular beam inlet system:

® 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.:

® The gecond method is based oh’the measurement of
the spatial distribution of the molecular flux trans-
mitted through the inlet system.

® The third method is based on the measurement of
the energy distribution of the transmitted molecular

flux using a retarding potential ion énergy analyzer.

Although no actual flight data was found, similar tech-
niques to the ones to be discpssed have been proposed for
measuring the temperature in the Earth's atmosphere. For example,
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
10) in 1966 and 1969; a method based on the flux distributioh has
been proposed by UTIAS (ref. 11) and, although not proposed for
a flight experihent, the retarding potential ion energy analyzer

has been used by Heil and Scott (ref. 12) to measure the tempera-
ture of ion beams.



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 (sﬁch 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, angle 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.
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In considering these three major divisions, emphasis will
be placed on discussions of processes occurring in the intet—
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 all 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

2.1.1 General Discussion of a Low Density Beam

Forming Inlet 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 and the range of speed ratios (this parameter being
influenced both by the range of gas‘temperatures and vehicle
speeds) . Aftervcdnsideration of these multiple requirements
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



into a coaxial assembly by support webs as shown schematically
in Fig. l. 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 diameter 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 majority of. the

gas which would have made up the diffuse gas fensity 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 Of The Inlet System

2.1.2.1 Collimation.- The inlet system descriked 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 opération which is performed to avoid the at-



tenuation of the primary beam which would otherwise cccur in
passing 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.

2.1.2.2 Angle of attack.-The trade-offs between the need to
improve the collimation of the molecular beam and the 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 (i.e., 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 angle-of-attaeck-increases; and when the angle of attack exceeds
the maximum transmission angle of the inlet system (approximately



14° 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.thé ,
speed ratio (S = U/vm). However, as L/D increasesk(the solid
angle subtended by the detector becomes smaller), the radiai

flux distribution for the detector solid angle becomes uniform.
ﬁevertheless, 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 (n;) , due to the flux transmitted thrbugh
! Rr/L)
and the speed ratio S (S = U/vm) , in terms of the atmospheric
density (no) , 1is:

a tube, as a function of the transmission angle eo(eb = tan

10



n
n; = —% 1 + erf(s) - cosb |1 + erf(s COSGO;]EXP - (stinzeo) .

(2.1.2-1)

Data has also been generated (see ref. 13) for the geometrical
transmission function using the approximations that 8% > 10 and

tan ¢ ® sin ¢ ® ¢ , where ¢ = tan ! D/L. In this case,

-52¢2

T (S,X) (1 - X'2¢2)%F dg (2.1.2-2)

|
=
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X' e
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where X L/D. Presented in Fig. 2 are the data for the varia-
tion of the axial density normalized with respect to the un-
disturbed atmospheric density as a function of the separation
from the inlet orifice expressed in terms of L/D. 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 this 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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not a straightforward elimination process because the measurement
is to be made from a high speed vehicle (either a rocket, sat-
ellite, or entry probe). This relative motion imparts a high
velocity bias to the particle energy or momentum and, therefore,
the selection process 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.

The flux 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 neutral 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 interaction region is considered as a spatially and
temporally well-defined volume providing a source of particles
whose physical characteristics are uniquely established and are
directly related to measured system parameters. The interac-
tion process provides the means of specifying the state of a

13



statistically representative fraction of the total number of
particles which exist in the interaction volume at any instant

in time. It is 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 choice
of an experimental scheme which allows the necessary spatial
definition and affords the means for 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 coﬁpactness, simplicity, and ruggedness
insofar as this can be achieved without sacrificing accuracy.

2.2.1 Interaction Processes

In most of the experimental measurements, the interaction
process consists of some method of producing and specifying the
final energy states of the emerging moliecular 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

14



energy spread, the number and the identity 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.

2.2.1.1 Photoexcitation.-0f 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 concluded, 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 accomp-
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 efficiencyiof photoionization and photoexcitation
is generally lower than that»correspondingkto the
equivalent electron impact process. See Fig. 3, for
example.

15
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3. For photoionization of the atmospheric gases,
sources producing radiation in the wavelength
region of 500-1000 gﬂare required. For the
excitation of the lower lying radiating states,
the source requirements. are not gquite 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.

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
ig 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

17



of a crossed-beam configuration.

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:

18

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.

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

this quantity.

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 ( #100 volts), therebycreducing
the effects of electron space charge and increas-
ing the electron flux density.

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

The geometrical configuration,
operational parameters, and, in general, the detailed design of



interaction processes, concerns the knowledge of the
spatial extent or dimensions of the electron beam,
having assumed that the neutral beam is well defined.
In the calculations to be presented, it will be
assumed that the electron beam is a parallel stream
of,monoenergeﬁic particles. The extent to which.
this simplification can be approached in reality-

"is. largely a function of how well electronic’

space charge and energy spread can be controlled

or suppressed.

2.2.1.3 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 increased 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. 1In 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 not a straightforward process. However, a complete
discussion of a single component will display the relevant
characteristics of the tempexature 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 total detec-
tion system sensitivity at a specific electron energy. Since
the electron impact cross-sections for the ionization of the
atmospheric gases have been experimentally determined (see for
example, Kieffer and Dunn, ref. 15), 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 establishéd 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 on 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 Maxwellian distribution).
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Since the total excitation 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 will be evaluated. There are, however, 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) Dbackground 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 N, metastables), at least for a detector
surface with an evaporated cesium layer. It can be postulated

21



-sweaq (2N)

us80i13Tu 97qE3ISEISW I0J SUOTIOUNF UOTIBITIXY -°% ‘BT

(@)
(A@) £8xsus uoxlzoolg
Al 1T 01 6 8
Qvosumo 1 I} i ] 1
61 qstso - - (2) |
WA °3e1S 6
apoyJed i
91 3R- 3y wd zz | (Q) .
W 93®v3s 91 i
L1 S uo g (®) ]
I030039p 9oUE3SIp i
A J0 °d4y 10319939p
- 92Inog -
(q) (®)
(A9) £8aoue uoxlo9TH (A9) £81sus uoxloely
€1 21 11 01 6 8 (L 91 71 [ 0t 8
E VSR 3 A I Y 1 o [ i [] i 2
- 0¢ ~Q0
8¢
07 o8B i
T
| 09 Eq (01/1%)
o
L 08 & i
o
- 001

a3ex 8urjuno)

01

(satun -qas)
Juaiand 10399738

22



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 N,, 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 between 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 separation 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. Rather than change the
separation, he has presented the excitation functions for vari-
ous delay times after excitation. .The features of these curves
which affect the present discussions are. the decaying peaks at
12.3 eV and 14.5 eV, which Freund associates with the E?3 2g+
and the alng states, respectively... (The tail of the 500 usec
curve is due to He metastables, arising from the "seeded" beam
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used in the generation of this curve.) .Since the radiative life-
times of these states are considerably . shorter than the minimum
delay curve presented, it is probably.safe to assume, for flight
times much shorter than 500 usec, . 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.cf tens.of microseconds
due to the velocity bias. This, of course, requires a redefini-
tion of the meaning of metastable, since . some of those states
which are normally considered as radiating must now be consider-
ed as metastable.

Since there are no experimental data. 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+ R B?ng ’ C3wu , E3Zg+ , .and alng states.,
Presented in Fig. 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.

Freund's discussion and interpretation includes some of the
above factors influencing the shape of.the observed excitation
functions. Based on his excitation. functions derived from
metastable detection, excitation functions derived from optical
emission spectra (ref. 23), 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 B3wg and&A3zu+ states. Freund
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concluded that the cross-~sections are of the same order of
magnitude and approximately eqgual to 107'® cm?. Presented in
Table I are the pertinent data for the energy states of mol-
ecular nitrogen relevant to this analysis.

Since the E32g+ 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. 27) have, therefore, been taken as an indication
of the relative cross-section of the E32g+ and the Bang states.
It is concluded that the cross-section for the E3Zg+ state is
approximately twice that of the Bzﬁg maximum, the E3Zg+ state
being a sharp resonant peak occurring at approximately 11.9 eV.

The apparent excitation cross-sections of the Bsﬁg and
Caﬂu states reported by Stanton and St. John (ref. 24),
Zapesochyni and Skubenich (ref. 25), and McConkey and Simpson
(ref. 28) are in fair agreement with those calculated by Green
and Barth (ref. 29) and by Stolarski et. al (ref. 30). See
Fig. 7. There is also partial confirmation of Stolarski's
calculated cross-section for the alwg state by the high energy
measurements of Holland (ref. 31). .

Based on these experimental data for the excitation cross-
sections and lifetimes of the predominant energy states of
molecular nitrogen, the following observations with regard to
the proposed metastable detection system can be made:
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l. Assuming that the average flight time is 30 usec
(the flight time depends-primarily on the vehicle
velocity), the.A3zu+ ,AE3zg+;and-aln states are
metastable. The C3nu.state;is_afrapidly decaying
peak . which cascades into.the.Banngtate. The B3n
state. is to be considered.in.the. intermediate cat-

egory; those molecules. which.radiate will contribute-

2. Since the excitation cross-section.of the'B3ng and
E3Zg+ states are the greatest, it.is appropriate to
choose.an electron energy.which maximizes the two and,
hence;, the total excitation cross—section. The
E3ng 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 C3ﬁu state and, hence, reduces
the photon flux.

3. The total excitation cross-section.can be conservatively
estimated as 5 x 10™!7 cm?, considering that the
B3ngﬁstate is a partially decaying state and also that
there is some uncertainty in the cross-section of the
E32g+ state.,

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.skimming.process was formed into a
well defined molecular beam. The resulting beam passed an inter-
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action region, formed by the intersection of the neutral beam

and the electron beam, which served to initialize or Specify

a state or parameter of a definite group of particles. The

beam subsequently arrives at the detector. The purpose of the
detector is to isolate and register the beam of particles according
to a specific process, exclusive of all other competing processes.
This discrimination is possible through the correct choice of the

specified parameter and detection scheme.

For the present discussions, the topic to be considered is
an evaluation of the Sécondary electron yield for the various
combinations of particle-surface interactions together with the
effects of adsorbate and angle of incidence on the yield. Since
the estimated secondary electron yield and conditions affecting
these estimated yields are of primary interest, it will be assumed
that the detector consists of a simple target or electrode,
knowing that in reality it will probably consist of a more complex
geometry such as a shielded Faraday collector or an electron
multiplier. The topics covered will be limited to discussions of
metastable-surface interactions although competing processes, for
example, photoemission and secondary electron emission due to
neutral particle bombardment, will also be considered. Discussions
of ion-surface interactions have been omitted, since in the usual
ion detection scheme one is concerned only that the collection
efficiency is such that all the ions are collected, the secondary
electrons being suppressed by a small negative bias potential and
other secondary processes being negligible for the ion energies

of concern (#~100 eV). Ion interaction processes will, however,
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be included whenever they arise as a natural consequence of the
other discussions, either directly or 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
yvield 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 vields
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 case, the energy transferred is supplied
by the internal energy of excitation of the incident particle,
no change in translational energy being necessary. This process
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.
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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 collision of the first kind,

in which energy is transferred.to.the.metastable, the de-excita-
tion process results in an upward.transition.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.the.second kind in which
the internal energy of the metastable.is.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 Auger de-excitation..- The.first of these transi-

tions is the.one-step process of Auger de-excitation and can be

represented as
m L —-— ) -
X + Nem -> X- + e- + (N_l)em (20301_1)

™ represents the incident.neutral particle in a metast-

where X :
able energy state, X the ground.state, Ne; the number of
metal electrons, and e  the secondary electron ejected from

the metal surface.
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Presented in Fig. 8 is a. schematic.representation of the
potential energy and energy levels of._.a.typical Auger de-exita-
tion process. The metastable particle has.approached to within
a distance s from a clean metal.surface.having an average wdrk
functioq ¢. The potential 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 E ' and E ,')*. The energies of.the metal electrons are
distributed.as. a Fermi-Dirac . gas from.the bottom of the conduction

band up to the Fermi level .Therefore, . the minimum energy

)
required.to eject. an electron?is. (sb,e.eF), which is just the
work function. . (¢) of the surface...Providing that Ex' is
greater than ¢, 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.. 1In. 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. 34.
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represented by the dashed transition arrows, the excited atomic
electron drops to the ground state and the excess energy (Ex' - 0)
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%s; - 1130) 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.

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

]
3]
|
-

Eple) . (2.3.1-2)

and

E ' - € (2.3.1_3)

]

Eple ) in

It is clear from Eq. (2.3.1-2) that the secondary electron yield
is zero for those systems in which EX' < ¢ . This occurs, for
example, in‘the case of the 215o or 2!D, atomic oxygen metast-
ables incident on most metals, except perhaps the alkalis.,
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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
$ < (E;' -E ") <e . If (E;' -E]') < ¢, the mbrefprobable
process is that of resonance ionization followed by Auger 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 related ‘to the energy levels at in-
finite separation as follows:

Ex'(s) = EX + E (m-M)-E (n-M) (2.3.1~4)

and

Eif(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

37



X + Ne: -~ Xt + (N+1) e~ (resonance ionization)

(2.3.1-6)

X+ + Ne; > X+ e + (N—2)e; (Auger neutralization)

(2.3.1-7)

. . . . . +
where the notation is the same as in the previous section and X
represents the ion.

Presented in Fig. 9 is a schematic representation of the
potential energy and ehergy levels for the two processes. In the
resonance ionization processes (transition GD ), the atom elec-
tron is ejected and captured into a vacant Fermi level. The
probability of this process is greatest when (Ei' - Ex') < ¢ .
The ion thus formed is immediately neutralized by an Auger
transition (transition (@) to the ground state of the atom.

The excess energy is sufficient to eject a metal electron (transi-

tion ) ).

The kinetic energy extremes of the ejected electrons are

Il

EK(e')ma E.' - 2¢ (2.3.1-8)

X i

and

i
=
i
N
)

EK(e‘)min (2.3.1-9)
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As in the case of Auger de-excitation, the resonance ionization
process is highly improbable for systems such as the leo,or
2'D, atomic oxygen metastables incident on most metals, since in
this case (Ei." Ex) >> 6.

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' - Ex') with
respect to ¢ 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 circumstances, 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 s, denoted as S, for which the energy levels of
He™

is the more probable process, since now (Ei‘ - Ex') < ¢. For

and Ne" are shifted upward so that resonance ionization

Ar™, Rr" and Xe™, 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 probability for Auger de-
excitation, the reason being that the probability for Auger de-
excitation becomes appreciable only at values of s 1less than

the critical separation for resonance ionization.
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Since these conclusions are baséd primarily on the data
for the noble gases, it is not obvious that the same conditions
are appropriate for the atmospheric gases.

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. 1ll, 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.
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However, there are some discrepancies which are not directly

explainable. For example, as (Ei ~ 2¢) decreases, the ratio

of the yield for Mo and W increases. It is likely, therefore,
that additional factors contribute to the yield of clean sur-
faces. As shown by the data of Parker (ref. 36) for at on clean
platinum (¢, = 5.3 eV) and clean Ta(¢y, = 4.9eV), the yield for
Pt is higher than Ta despite the fact that $p¢ > Opa- Another,
more convincing experiment was conducted by MaclLennan and Delchar
(ref. 37), which shows that other factors than the work function,
per se, are involved in the observed yield. In their experiment,
metastable helium and argon beams were directed onto the (111)
and (110) planes of a single crystal tungsten sample, the stated
values for the work function of the two crystal planes being

¢ (1l1l) = 4.3 eV and ¢(110) = 5.6 eV. One would, therefore,
expect a significant difference in the yield for the different
crystal planes. However, the results showed the electron yield
for the (111) plane to be .300 for helium and .091 for argon;

for the (110) plane,'about 1.5% lower for helium and about 4%
lower for argon. The explanation for this result, according

to the authors, is that the work function difference between the
crystal planes arises from a surface topography effect and as the
ion approaches the surface (assuming resonance. ionization of the
metastables), the interaction potential causes electrons to tunnel
out and neutralize the positive "hills", thereby: reducing the
surface topography effect and reducing the effective work function
difference to almost zero.
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Up to this point, only the secondary electron yield of
clean metal surfaces as a result of incident metastable particles
has been considered. There is, however, emanating from the source
a flux of neutral particles in the ground state and photons together
with the metastables. Therefore, the role of each of these inter-
mingled fluxes must be considered, since they are not separable
nor is.it possible to completely discriminate against them in the
time~of-flight measurements.

2.3.1.2 Photoemission. - Since a complete analysis of the

effect of photoemission from the detector and the role it plays

in obscuring the secondary yield of the metastable. flux is not
possible without complete knowledge. of the' excitation cross-
sections of each of the radiating states of all the major atmos-
pheric. constituents as a function of the electron beam energy,

and even 1f they were known, the calculation. would be. an enor-

mous task, it is considered more meaningful to. cite the results

of experiments which have been performed under- operating conditions
similar to those which will be encountered 'in-the flight apparatus.

In prior investigations, in general, no mention is made of
the surface conditions of the detector. Although.the bulk des
tector material is specified, surface. films. such.-as diffusion pump
oil or layers of adsorbed gas will influence, to a great extent,
the yield resulting from photon absorption. "Another point of
concern: is that even though some of the atmospheric constituents
such as atomic and molecular oxygenfwillfnbtfbefeffective in the
metasgtable detection scheme, they do possess- 'radiating states
which will contribute to the total photon flux.. "Because of the
wide range of contributing band spectra and discrete atomic spectra,
there. is an almost‘continuous'distribution’of'Wavelengths contributing
a rather broad band of energies incident at the detector. To limit
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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. Consider a thermal N, beam experiment
in which there is a range of lifetimes for the radiating states
involved. Those states which are short-lived (<10 pusec) con-
tribute nearly isotropic radiation emanating from the region of
the electron beam. Those states which are long-lived (>500 usec)
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,

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 of 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. 38), 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 for discrimination
between the photon and metastable flux. Shown in Fig. 12 are his
results for the excitation function of N, together with the sig-
nal resulting from the photon flux. No estimates were given for
the beam density, only that the system pressure was 5 x 107° 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 10-% 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
N, 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 presentedov
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From these results, it is obvious.that the effect of ra-
diating states and the role they play. in.the final analysis of
the detector output is not negligible.. It.would be desirable
to use as long a flight path as possible.so.that at least the
rapidly decaying states are distinguishable. This of coursé,
is accomplished with a corresponding loss in sehsitivity°

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 the 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-
vticle (yPot), which has already begp.considered, and another
due to the kinetic energy (Ykin), .It.was.concluded that the
condition for emission of electrons due.to potential emission
alone, as a result of incident ions . (assuming that resonance
ionization is the most probable process),.ié.Ei > 2¢. It was
also seen that Ypor WS independent of . the. kinetic energy of the
incident ion, at least up to 1 kev.. The.equivalent condition for
the ion impact production of electrons.by kinetic emission alone
is that E, < ¢ and that the incident. ion.possess kinetic energy

i

greater than a certain threshold value. (E In the case of in-

) e
th
cident neutrals, the only necessary condition is that the particle
possess kinetic energy greater.than«Eth,«,In‘those cases where

Ei < 2¢ and the incident ion also has sufficient kinetic energy,

the total yield becomes y = Yport 1Presented in Fig. 13

Y o
kin
are the data of Arifov et. al. (ref.. 39). for the secondary elec-

tron yield of art and Ar°® incident on a clean Mo target. The inci-
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dent particle energy was varied from 200 eV to 2 KeV. It can be
seen that the ascending portions of both curves have the same slope
representing kenetic emission, the art curve levels off to a con-
stant value representing potential emission, and the Ar° curve goes
to zero at approximately 400 eV representing the threshold energy
for kinetic emission due to neutrals.

In a similar experiment, Medved et. al..(ref. 40) shows
somewhat the same results for Ypot and Eth but the energy depend-
ency (E > 1 keV) of the yield for incident ions is different
than for incident neutrals; see Fig. l4. Medved suggests that
this divergence shows that there is a dependence of Ypoe OR en-
th at least). This contradicts the results of
Hagstrum, as presented in Fig. 1l1l.

ergy (avove E

These data indicate the general characteristics of secondary
electron yield at low energies. However, the region of interest to
this discussion is the energy region near the threshold and below.
Unfortunately, this region has not been experimentally investi-
gated to the degree that the higher energy regions have, the
majority of the work being done from 1 keV up to hundreds of keV
and extending into the MeV region. This, together with the fact
that no unified theory has been developed which successfully ac-
counts for the experimental data over the entire energy range,
which is likely due to the variety of ejection mechanisms which
can occur when considering the energies involved, means that the
necessary conclusions must be inferred from that data which is
available, together with extrapolations and trends of existing
data. For a more complete discussion of the experimental re-
sults and theory at higher energies, reference can be made, for
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example, to Kaminsky (ref. 32).

One of the questions to be discussed is the dependence of Et
on the particle mass and the target material. It is difficult to
draw anything but a qualitative conclusion since the majority of

h

the available data is for ion impact at higher energies ( 1 keV

< BE < 1 MeV ). 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. However, based on the
data for Yiqn £OT Net, Art, and Krt on Mo (Arifov and Rakhimov

ref. 41), in the energy range 2 - 10 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 Art incident on Ni, Al, Cu, Mo, Ta, and Zr, that
Ykin,is rather insensitive to the target material. However, some
degree of skepticism should be exercised with regard to this lat-
ter conclusion, for Magnuson and Carlston (ref. 43) have also shown
that the y vs. energy curves for the three low-index planes of a
single crystal copper target diverge from a common value at 1 keV,
until at 10 keV the ratio of v (11ll) to v (11l0) is approximately 2.5.

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 métastable potential yield. Shown
in Fig. 15 are data for the kinetic yield of H®°, He®, and Ar°,
Although they represent a variety of conditions, each of which
could influence the magnitude and shape of the curves, the con-
ditions under which the experiments were conducted can be exam-
ined and, thereby, some valid conclusions can be drawn.

The H° results reported by Fleischmann and Young (ref. 44)
are somewhat questionable in regard to their correlation with
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the He® and Ar® data. The target was "cleaned with hydro-
chloric acid and alcohol™ and, therefore, was probably cov~

ered with a residue and adsorbed gases, which will be shown,

in the next section, has a drastic effect on the yield. The

He® and Ar° data, on the other hand, are results taken after the
targets were flashed to 2200°K and shduld 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 Ar® , it has been assumed
that the shift in the yield curve caused by the possible dif-
ferences in o 1is 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 i1s the dominant consideration and, there-
fore, the He® and Ar° 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
the band as indicated on Fig. 15. This assumption requires that
the functional dependence of y(E) on the molecular weight is
not just fortuitous, but the theory of Von Roos (ref. 45) which
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explains gquite well the interaction of lowvenergy: ions at metal
surfaces, both with respect to reflection: and kinetic emission,
expresses the yield for constant energy as

I
(1 + n) (2.3.1-10)
U

and for constant velocity as

L
(L + n)

i

(2.3.1-11)

where .y is the ratio of the mass of the incident ion to the
mass of the target atom., Since u 1is generally much less than
l, Eq. (2.3.1-10) implies an inverse relationship-of. y with
molecular weight. It has, therefore, been assumed that the
yields will lie within the band of Fig. 15.

Since the major fraction of the kinetic-energy of the
particles arises from the vehicle velocity), the:heavier particles
will be the most energetic. Considering 10 kmysec: to.be: the.
maximum- vehicle speed and Ar to be the highest molecular weight
component, approximately 20 eV 'is the maximum translational
energy to be encountered.

It is, therefore, possible to expect the-yields, based on ex-
trapolated values of the band, to be of the order of 10 & or 10 7.
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However, when it is recalled that the ratio of metastables-to-
neutrals can be of the'order of 10™% = 107 % {depending on the
‘source conditionéj; it is not obvious thatithe secondary electron
yield due to neutralS‘iS'negliéible‘whenﬁcompared with the yield
for metastables, which was shown above to be <0.1l.

2.3.2 Effects of Adsorbate

In the previous discussions of secondary- electron emis-
sion, an attempt has been made to include only those data
representative of clean surfaces (in the atomic- sense), since
only under these conditions can one arrive at.a consistent and
valid conclusion. This has meant the omission-of much. of the
available datd for specific incident particie=suffacevcombina—
tions-which are necessary for a complete analysis. However, it
‘was felt that the inclusion of data for surfaces which were either
not specified or for those with unknown surface preparation
or coverage would lead to greater errors than have likely arisen
otherwise.

It is appropriate to reexamine the various secondary
electron yields to see exactly what effect surface contamination
or, more definitively, controlled and known adsorbates at spec-
ified relative surface coverage would have on- the résults.

This evaluation is necessary since, due to the high molecular
collision fregquency density, the detector will be covered with
at least a partial monolayer of gas even at the lower atmospheric
densities, in spite of attempts to preserve its cleanliness.
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As an example of the effect of adsorbate on the potential
yield, the data of Parker (ref. 36) for art 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.

1l6. 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 42% in the case of met-
astable helium atoms incident on N, covered polycrystalline
tungsten ribbon. Similarly, the decrease in the secondary
yield for CO coverage was 63%. The general results and con-
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. The ejected electrons can then come from either
this energy state, the Fermi sea, or both. The Bsonance 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.
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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. Aggravating this problem is a dependence of the kinetic
yield which tends to increase with gas coverage. For example,
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.

The problem now is obvious. Considering the ratio of Ypot/
Yrin to represent the signal-to-noise ratio, then as gas is ad-
sorbed on the detector, the S/N ratio decreases both because Ypot
is decreasing and simultaneously Yiin is increasing. It is,
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,, 0, and N,, which are chemically active gases in contrast to
the noble gases which have been used in most of the literature
data.

There is still the problem of estimating the yield for in-
cident N,™. 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 surface,
the ion ejection yield data of Parker (ref. 36) can be used to
get an order of magnitude estimate for the secondary electron
yield. Presented in Fig. 19 are data for Ypot for nitrogen ions
incident on nitrogen covered platinum. The ion beam consisted
of N* and N,™ in unknown proportions. The increased yield at
the lower ion energies was concluded to be due to recombination
of N* at the surface, which, of course, is not possible for
incident N,™. One can extrapolate the expotential decay of the
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curve (neglecting recombination) and arrive at 2.5 x 10™% for

the yield. Based on the similarities of the data for the yield
of ar" on nitrogen covered platinumﬁ.(Ar+ +.?£/N2) and Ar' - Pt/0,
with the data for N2+ + Pt/N, and 0, ?.Pﬁ/cz-(a result which is
not too surprising since the energy.available after neytraliza-
tion of the ion is comparable-in all three.cases (Ei)N2 =

15.58 eV, (Ei)Ar = 15.76 eV, ind.(Ei)02= ;2.2 eV), one can
estimate that the yield for N, + -+ Pt would be approximately
0.009. Furthermore, using the yield data for art + pt (.02)

and Ar® -+ W (.095) and assuming again. that the similarity analogy
is valid, the yield for N2+ + 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).

If there is any validity to this. type of argument, then
the yield values could be expected to.range from 0.043 for
N2® > W to 1.2 x 1073 for N,™ > W/0,.

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 oﬂ the detector and
its effect on the yield.

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:

Yy (o) =C Y, seca (2.3.3-1)
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where o 1is the angle between the incident beam direction and
the surface normal, ' is the yield at normal:incidence, and

C is. a proportionality constant which is dependent on the in-
cident. particle-surface combination. However;. since most of

the data which substantiates the above relationship. was ob-
tained. at higher energies, it is not known whether. this re-
lationship holds at the lower energies. For example, at

the higher energies where there is substantial penetration

into the lattice, it would be expected that the:yield be a
funetion of° o . However, based on the"independence:ofyPot

"on energy, it can be assumed that the interaction occurs primarily
~at the. surface and, therefore,; one would not expect a substantial
dependence on o for either Ypot ©OF Yyin ot the low energies
of interest to this analysis.
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3. SPECIFIC TEMPERATURE MEASUREMENT TECHNIQUES

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 discriminated 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 theoretical
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

3.1.1 General Discussion of TOF Detection Systems

The early successes of the kinetic theory 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

3/2 - V2
@ 2T (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 £(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 £(v), allowing immediately the ex-
traction of T. 1In the TOF method, a representative sample of
the gas to be analyzed is introduced into the system through 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. 49). Similar analyses
of both chopper-ionizer and chopper-velocity filter detection
systems, applicable to supersonic beams, have been presented

by Knuth and Kuluva (ref. 50) and by Alcalay and Rnuth (ref. 51).

The problem in the case of TOF measurements of a non-
stationary gas is to produce a time dependent signal, represenﬁ-
ing the velocity distribution, which is not influenced by the rel-
ative motion of the sampler with respect to the gas nor by usual
instrumental effects. Further, the beam chopping or mbdulation
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 usec 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, it is obvious that mechanically
chopped systems are not feasible.
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3.1.2 Metastable Time-Of-Flight Detection System

In the MTOF detection scheme, simultaneous:-gating of the
beam and. excitation: of beam molecules. is:accomplished: using a
pulsed: electron beam situated orthogondl- to the: molecular beam
axis.::A. schematic representation of a MTOF detection system is
presented:- in:- Fig. 20, The flight of the: excited: metastable
neutrals: is: not affected by stray or unknown electric. or magnetit
fields, as ions would be 'in a similar: TOF:. .scheme-.:: Detection
and discrimination are accomplished by time domain: signal averag-
ing with: a multi-charinel analyzer, the time: reference being cor-
related: with: the gating pulses controlling: the:- electron beam
pulse: duration. 'The: TOF signal, representing the:molecular
velocity: distribution of the undisturbed’ gds, is:-stored in dif-
ferential. form. - The purpose of this section:is' to: discuss the
conditions: influencing the TOF signal wave form and to estimate
the ‘MTOF system sensitivity.

The: following assumptions have been made in calculating the
system sensitivity:

l) The neutral molecular flux: density: passing: through
2) The electron flux density is considered as uniform
and monoenergetic. The electron pulse is: considered
to be rectangular and of variable duration.
3) The 1lifetimes of the metastables: are considered to
be long compared to the flight time (see section 2.2.2).
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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 example, 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 Ar, The
axial extent (at the source) of the region of the beam in which
molecules are excited to the metastable state is UATe, 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 (2/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
has been limited to a value much smaller than the flight length
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(the value chosen was 1%).

The rate of production of metastables can be expressed as

. i ‘
* = & -
dN S Pc dx (3.1.2-1)
where ie/e is the eleétron flux passing through the inter-
action volume and P is the electron collision probability
per unit path length. Integrating this expression over the
total electron path length (ke),

A
. i e
N* = = P dx (3.1.2-2)
e C
o]
or
A
e
L] le .
0

where o¢ 1is the total excitation cross-section and n is the
molecular density in the interaction volume. Since both o
and n are independent of electron path length (assuming
uniform density), Eq. (3.1.2-3) becomes

L4 i

N* = :f omn A . (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

-

* e
N =—o0on A At . (3.1.2-5)
e e e

The distribution of speeds represented 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 drifting Maxwellian
gas, for which the differential flux density (df) into a solid
angle dw at an angle ¢ with respect to the beam axis is

af = n v'? £(v)av' dw cosd (3.1.2-6)

where n 1is the molecular density at the interaction region,

v' is the molecular velocity with respect to a frame of reference
travelling with the vehicle, and £(v) 1is 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

v' - U
dﬁ= __I}_qiﬂ___v'a e- -—T__ dvl (3-152'—7)
oy 3 ” m

m
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where v (Vm = IZkT/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 v' + dv' which.have passed out of
the interaction region and are contained in a solid angle dw

along. the axis is found to be

- U |2

v
12 - e—
dn(v') - ndw v e [ Vm
ﬂ@@vma

.
\

dv' (3.1.2-8)

Since the time dependence of the signal measured in the MTOF
scheme is desired, dn(v') will be transformed from velocity
space to the time domain. Letting v' = 4/t, where % is the
flight path length, the molecular density.for molecules arriving
at the detector in the time interval t to t + dt is found from
qu (3oln2_8) tO be
%% .2y U2
ndwﬁLs . P 2 Y 2
dn(t) = C |t v tv v dt .
Y2 vm3 £ n

(3.1.2-9)

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
2 2

i noA At dug® Y el A M

aN* (t) = — 2= F e |t?v ? tv 2?2 v ?at .
4 n n n (3.1.2-10)
eﬂyzvmat ATt

Implicit in this equation is the condition‘thathte<<t,
Finally, 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
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. i 3

: 2
aN_ (t) = —SnoyA At pdw —=—
e e e e ' ﬁ%é vmat“ m m n

(3.1.2-11)

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, the signal
is dependent on the shape and geometricallarrangement‘of the
cathode with respect to the electron multiplier.as well as the
experimental operating conditions. of the.ahalyzer and electron
multiplier. Considering these electrode. geometry 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

. i 3 22 22U U2
e A . - — +
dn (t) o DonA At pdw 12 v 3¢ e‘ tzvm2 tvm2 vm2 at
m
(3.1.2-12)

where n = Ky , n being the detector sensitivity and K the
attenuation factor.
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3.1.3 MTOF Detection System Sehsitivity

In order to calculate the sensitivity of the MTOF detec-
tion system, realistic values must be established.for the para-
meters appearing in Eg. (3.1.2-12), which represents the count-
ing rate of the detection system. The discussions to be presented
in this section 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 Holt and Krotkov (ref. 52) for a magnet-
ically focused, space charge limited planar diode, the calcul-
ated effective electron current density at the interaction region,
for an accelerating potential of 12 V, is 4.65 x 107% A/cm?. 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. The atmosphere is assumed to be nitrogen gas, the temp-
erature 300°K, and the vehicle velocity (U) 5 x 10° cm/sec.

2, The ratio of the source density to the undisturbed den-
sity (n/no) is 0.5.

3. The molecular beam diameter is 1 cm.

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

5. The flight path length (&) is 15 cm.
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6. The equilibrium particle density.in the detector regicn
with no pumping is =~ 2.5 n_.. It-is, therefore, probable
that some active pumping will be required.

In choosing suitable values for the electron beam pulse dura-
tion (Ate) and the detector delay gating width or channel width
(dt) , it is necessary to maximize both since. they directly affect
the system sensitivity. However, choosing too large a value
for either will distort the TOF signal wave form and, hence, the
resolution. It is necessary, therefore,.to.characterize these
parameters by a numerical evaluation of the integral representing
the time dependent detector signal, taking into consideration the
drift of molecules from the interaction region after the start of
the electron beam pulse. By considering a finite electron
gating pulse length, Eq. (3.1.2-10) may be.rewritten to yield the
rate of production of metastables with velocities between v*' and
v' + dv' which were produced during the electron beam pulse of
duration Ate (where Ate < t but not necessarily negligible)
and which arrive at the detector at time t within dt., The re-

sult can be expressed as - =
. At | 2 2
dtzr*(t) _ i noi dw e g3 e_ 2 _ 227 N P
en¥2 v ® (k=) % Jle-t2) 2y ¢ (t-t')v * v 2
m / m i1l m
A . _
(35103—1)

where (t-t') is the metastable f£light time, t' representing
the drift time of the metastable after. formation. Eg. (3.1l.3-1},
therefore, is an evaluation of the effect of the electron pulse
duration on the signal wave form. It has been assumed that the
electron beam pulse can be represented by a rectangular pulse.
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After integration, Eg. (3.1.3-1), representing the number of
metastables per sec arriving at the detector at time t within
dt, having been produced during an electron pulse of duration
Ate ; becomes

[ ’- -

d]_\.q*(t) = w 4_@ ._Iiz_ o 32‘. erf .q_ - .‘t_&_ - erf U_.. - .._a_...g'__.._..._
e i sz Vi Vi Vi (t—Ate)va

L U 2 2 U 2

10, L |10\ - 5| - iju_ . L "———y—”_ -5
+ 2|V + tv e tvm Vm 2|v + (t-At Jv e (t At:e vm Vm }

m m m e’ 'm

(3.1.3-2)

In the limiting case where Ate << t, Eg. (3.1.3-2) reduces to
Eg. (3.1.2-10).

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 At ranging from 10 2 Sec to 2.5 x 10 ° sec so that
the maximum value of Ate, consist?nt with the preservation of
an undistorted signal wave form, could 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

10 > sec up to 1077 sec, the pulse shape does not change so that
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the éemperature-information contained in the signal is not
affected by changes in Ate over this range. As Ate is

increased further, the pulse shape is distorted until fin-

ally the amplitude reaches a constant value representative of
continuous rather than pulsed operation. Therefore, at some value
around 10 ¢ sec, the direct measurement of temperature in terms

of the signal wave form is beginning to be obscured. The max~
imized value chosen'for'the electron beam pulse duration (Ate)

was 2 x 1077 sec.

To investigate the manner in which the TOF signal wave form
changesiwith temperature, data were generated for the pulse
shape And amplitude at constant conditions except for a tempera-
ture increase of 30°K. The result, as shown in Fig. 22, is that
the pulée shape is broadened and shifted slightly in time and
the amp}itude is decreased. It will be shown in a subseqguent
section that the peak shift is minor in comparison with the pulse
broadening and amplitude change, so that peak shift is a less
sensitive indicator of the temperature than the pulse shape. 1In
addition, the detection of the peak shift requires a detector
channel width smaller than the shift to be measured, which in
the case cited in Fig. 22 is only 40 nsec. Not only #would this
reduced channel width (dt) decrease the measurement sensitivity,
but also there is some question whether equipment to perform
this rapid switching and counting is within the state of the
art. On the other hand, both the pulse shape and peak height
can be established accurately using presently attainable detector
channel widths, thus increasing the sensitivity.
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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 presented in Fig. 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 = U/vm or Ulm/2kT]%) has a major influence
on the shape of the TOF signal but little effect on the flight
time. The TOF signal is broadened and decreased in amplitude.
In the thermal beam case (U = 0), 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 Eg. (3.1.3-2), is a function of
both vehicle speed U and ambient gas temperature through Vo For
the case of constant temperature and varying vehicle speed, the
calculations of Zorn and Pearl (ref. 48), 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
900°K, 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 wvehicle
speed remains rather constant while the speed ratio is altered by
changes in the temperature. To indicate how the TP wave form
changes under these conditions, two typical values for the vehicle
speed were chosen (5 and 8 km-sec™!), and the relative TOF signals
were calculated for molecular nitrogen temperatures from 300 to
900°K; the results are presented in Fig. 25. From the data of
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Figs. 24 and 25, it can be seen that the flight time or position
of the TOF 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 TOF 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 asg yet been fully developed,
a simplified approach was used to estimate the temperature reso-
lution as a function of temperature. The estimate of the pulse
shape used was the ratio of peak height to peak width at half
maximum (referred to as 8), 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 = 2logT + C.
(3@103_3)
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Fig. 26.~ Variation of the relative ratio of
peak height to peak width at half
maximum with temperature.



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

ar
T

1} as
- 'i S—- ° (3.103_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/ vyn% from the tru mean for a confidence
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)% = 4550 counts.
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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 x 10° and 5 x 10° 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 105 cm-sec™! yields a slope of 3.32 x 10-'° sec-°K~?
and although the curve for U = 5 x 105 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 10° cm-sec™!, which has the highest
sensitivity, in order to measure T to an accuracy of 4% at.
300°K, it would be regquired 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 usec wide at the base and has a significant.
magnitude for only 8 or 9 usec. The choice of a detector chan-
nel width (dt) which is narrow enough for the necessary time
resolution will result in a compromise between the desirable
resolution and the minimum channel width attainable. Intrinsic
limitations involved in the final compromise will be the det-
ector time constant, which results from the finite transit time
of the electron pulse through the electron multiplier, and the
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-
able with present flight instrumentation.
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Sufficient data is now available to-:estimate the system
sensitivity by calculating the counting rates, based on the
established estimates of the parameters appearing in Eq., (3.1.2-12).
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:

. o[- Ui(U2+8vmé)9€]‘

m 4V 2 (30103"5)
m

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

2
{1 - g;] i (3.1.3-6)

Upon inserting this value of tm in Eq. (3.1.2-12), the count-

t =
m

Gl

ing rate at the peak of the TOF distribution is found to be

. i - - 4/s?
[aN* ()] _ = —— noKy\ At_ pduw s°U at
en¥2 » 2(1 - 8/5%)

e

(3.1.3-7)

Maximized values of the parameters used to calculate the
counting rate at the peak of the TOF distribution according to
Eq. (3.1.3-7) are presented in Table II.. In order to establish
what a typical counting rate would be, a calculation was first
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Estimated values of the parameters zffecting the MTOF

system sensitivity

TABLE II

PARAMETER ESTIMATED VALUE  .. REMARKS
Te 7.0 x 10—"* amperes
n 0.5 n cm~?®
¢}
o 5 x 10-!'7 cm? N, gas*
Y 4 x 102 elect/metastable |W cathode**
~ |Taken from
K 0.3 _refaklO
A . 785 cm
‘e,
Ate 2 x 107 sec
0 7 x 10* sec—!
dw 10-2% sx
2 15 cm
U 5 x 10° cm/sec
dt 10-7 sec

*see section 2.

**see section 2.

2.3
3.2
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made for a temperature of 300°K and for a vehicle speed of

5 x 105 cm-sec™!. Since 300°K. corresponds to the tempefature
of the thermosphere near 120 km, an atmospheric density of

5 x 10!! cm~3 was chosen, in accordance.with the Spring/Fall
Model (ref. 54). With these parameters, the counting rate at
the peak of the TOF distribution is

[dN*(t)]max = 1.25 x 10° counts/sec. (3.1.3-8)

Before extrapolating to lower.densities, it is necessary to
examine what the above counting rate. implies and also to establish
what counting rate is required in order to determine the dis-
tribution with sufficient accuracy that the temperature can un-
ambiguously be determined. Following the argument in the footnote
of page 85 , for greater than 99% confidence that there is a rel-
ative probable error no greater than 4% .in the counting rate cor-
responding to the detection channel measuring the TOF distribution
at half maximum, the counting rate. at the peak of the distribution
must be approximately 9000 counts/sec and the probable error as-
sociated with this counting rate will be about 3%. As stated
earlier, this total error of 11% in TOF distribution shape leads

to 5.5% error in temperature determination.

The upper altitude limit for operation of the system, with
the latter estimated error, depends on. both the ambient density
and speed ratio, which decreases as altitude increases for the
same vehicle speed. Calculations were made of the upper limit
using the Spring/Fall Model (ref. 54) and are presented in Fig. 28
as a bar graph showing the range. of :operation of the MTOF temper-

ature detection scheme, The lower altitude limit in these cases
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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 DISTRIBUTION 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 = U/vm) and;is, therefore, inversely proportional
to T since Vo= (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 anglé 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 v on T,

Since these measurements are made under changing inlet conditions,
additional information concerning the ‘total 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.

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 & from the exit
orifice of the skimmer. The data required is the differential
flux contained in an element of. solid angle duw displaced from
the system axis at an angle ¢ . and passing through the plane
at % . Using a previously developed computer program (ref. 13),
values of dF/dw for various. values.of T were computed. Since
these computations reflect therinput-parameters chosen for the
calculations, they apply to a specific inlet geometry and inlet
density. The input parameters used were: 1) U = 4 x 10%° cm/sec,
2) n, = 5 x 1015 em™3, 3) molecular weight = 44, and 4) inlet
radius = 5 x 107 3cm. Presented.in Fig. 29 are the computed re-
sults for dF/dew 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 distribution, 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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To visualize the dependence on T , each of the curves of
Fig. 29 has been normalized with respect to the axial magnitude
of dF/dw, and these curves are presented in Fig. 30. To express
the data explicitly in terms of T , the data of Fig. 30 has
been replotted as normalized flux per unit solid angle as a
function of T and are presented.in Fig. 31. It can be seen
that the greatest temperature sensitivity occurs at the lower
temperatures and for the larger solid angles. The limitation
on choosing yet larger solid angles is that the signal is de-
creasing rapidly.

In considering possible methods for measuring the angular
distribution of the flux, it must be realized that the require-
ments for choosing a suitable detection system are quite dif-
ferent than in the previous discussion. Some of these con-
siderations are as follows: '

1. In contrast to the previous detection system,
which required good axial resolution, this

measurement requires good radial resolution.

2. Since this is a differential measurement with
respect to the spatial coordinates only, it being
an integral measurement with respect to the
velocity coordinates, the detector can be a con-
tinuously operating flux or density detector.

3. Since measurements are to be made at rather large
solid angles, either the skimmer diameters and
locations must be such as to prevent exterior
molecular flux from impinging on the detector
entrance apertures or the volume between the
skimmer and the detector plane 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 d%tection schemes for establishing the
angular flux distribution will be considered, each of which has
essentially the same cémponents 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 ehthalpy 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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Estimates of the detector.signal .for the geometrical ar-
rangement as shown in Fig. 33 (a) have ‘been made. The input
parameters used in the calculations..are.shown in Table III.
These inputs, together with the flux - distribution curves, yield
a curve of detector ion current vs. solid angle as shown in
Fig. 34. A detector sensitivity of 2.3 .x 1018 A per molecule/
cm3 (ref. 50) (equivalent to 4.55 x 10~2 A/Torr) has been used
in the calculations.

3.3 RETARDING POTENTIAL ENERGY DISTRIBUTION ANALYSIS

In its simplest form, the retarding.potential energy an-
alyzer consists of a plane parallel.'diode, ‘one surface being
the emitter and the other the collector.. If the potential
difference between the emitter and collector is positive or
zero (for the case of electrons),.the: collector current is
saturated and registers a constant value. As the potential
difference is made more negative, fewer of the electrons have
sufficient energy to penetrate the»pbtential barrier and reach
the collector. If a plot is then made of collector current vs.
retarding potential difference, the result is an integral display
of the energy distribution of the electrons, the slope of the
curve being inversely proportional to the temperature of the
emitter.
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TABLE II1

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

l. n_ = 1019 em—3
2. 8§ = 11.7, 6.53
3. U = 4 x 10% cm/sec

4. T = 300°K , T = 1000°K

5. dw = 1073 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 direct
measurements of the cathode temperature are found. However,
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
fields are neither practical in flight experimenfs 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 Heil 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 50¢K.
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In the case of the ion energy spectrometer, an additional
factor influencing the resolution. is' the effect of the electron
space charge, which influences both: the. operation of the ion
optical system and the energy of the particles as they arrive at
the retarding electrode. This latter . effect influences the
establishment of the zero of the retarding voltage scale, which
can be thought of as similar to the effect of the work function
difference.

In applying the technique. to the measurement of a cesium
ion beam, Heil and Scott found that. -the .temperature established
from the retarding energy spectrum was 240°K lower than the
temperature of the source. This. difference is outside the
limits of experimental error and the explanation for the result
was not known.

The question of whether the:i effects of space charge actually
change the velocity distribution of the ions with respect to
the Maxwellian distribution of the: neutral beam is not known with
certainty and experimental evaluation of the effect of electron
beams under varying conditions of space charge is required.

It is shown in Appendix A that .for..a 10~% ampere electron
beam of uniform density, having the dimensions characteristic
of that required for space flight.applications, the potential
variation across the ion producing region is 0.15 volts. The
uncertainty in temperature corresponding to this energy is
1800°K and the introduction of. even:a-small. fraction of that
uncertainty into the ion production.mechanism could lead to a
distortion of the energy distribution of the 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 measurements 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 states 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-
sibility 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 additional stimulus. for -a.thorough. analysis of the

technique and an evaluation of its applicability as a flight.
detection system.

This report presents the results..of :that feasibility study:
for establishing techniques to.measure ‘the -atmospheric gas
temperature in the Earth's thermosphere, ‘although the techniques
are not limited to that application. “Primary -emphasis was
placed on the metastable time-of-flight tethnique, since little
information is available to evaluate its applicability. However,
two other methods, one based on. the spatial distribution of the
transmitted flux and the other based ‘on.the retarding potential
energy spectrometer, were also investigated, since there is a
need for defining techniques which: produce direct or instantaneous
measurements rather than indirect or inferred ones and which are
applicable. to the requirements of.the.wvariable operating con-
ditions of anticipated flight ekperiments.

In deriving the expressions. representing the signal of  the
MTOF detection system and the. subsequent calculation of the
signal for a specific molecular density, ‘it was necessary to as-
sign a value to the electronvimpactnexcitation cross-section and
the secondary electron yield at. the detector. 1In addition to
other effects, both of these quantities are influenced by the
large relative velocity of the.wehicle; the high speed leads to
a short flight time for the metastable molecules and, thus, an in-
creased number of them which would otherwise have decayed by
emission of photons will arrive.at. the detector and add to the
total TOF signal. Since. the. excitation. crosg-section of these
short-lived energy states (predominantlysE3Zg+!and alng and
to a lesser degree B3ng)'are such that they collectively add a
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significant number of metastables. to the. high speed beam, it is

to be expected that the total. excitation cross-section would be
greater than that for a thermal. beam; thus, greater measurement
sensitivity would also be attained. -‘Based on the limited data
‘available from Locke and French. (ref. -10) on the total excitation
cross—section-secondary electron.coefficient product for a thermal
beam of N, metastables, a comparison -can be.made between their
value and that predicted for.the. high. speed beam to see whether
the estimated value is realistic, Locke and French report a
value of 1.7 x 10-'? cm? for the total excitation cross-section-
secondary electron coefficient. product (designated as Qn in
ref.1l0) for an.electron excitation energy of. 9.8 eV and a "gas
covered" tungsten detector. The. corresponding estimated value
(designated. as oy) for the high speed beam for an electron excita-
tion energy of 12 eV and a clean tungsten detector is 2.15 x 10™%°
emZ, For an oxygen covered. tungsten. detector, the estimated value
is 6.0 x 10720 cm?, Thus, depending.on the gas coverage, the
estimated value may or may not. be greater than that measured by
Locke and French. Since the gas.coverage was not specified by
Locke and French, it is difficult. to make a direct comparison;
however, it is not unrealistic to expect that the increasedy
excitation cross-~section for the high speed beam, together with
the increased secondary electron. yield for a clean detector,

would provide an order of magnitude increase in the sensitivity.

The selectivity of the MTOF.detection system with regard
to gas composition is a definite -advantage for measurements in
the thermosphere, since the measurements. and the analysis can be
treated as though the atmosphere were.a single component gas.
Therefore,. the distribution. established by the detection system
is representative of the atmospheric.-temperature and is not dis-
torted by the overlapping TOF signals of different molecular
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weight components. The temperature.resolution associated with
the MTOF detection system was established in terms of the rela-
tive change of the pulse:shape.with temperature and was shown
to be + 5.5% over the range from 300-1000°K.

In those cases where the.MTOF.technique has inadequate
sensitivity (i.e. measurements.in .the Martian atmosphere which
is predominantly CO,), some alternate detection scheme must be
chosen. The flux distribution method, 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 detector ion current would be
approximately 10-10 amps and for.10% temperature resolution at
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. temperature..decreases, both the ion
current and. the temperature resolution -increase until at 300°K
the resolution is such that for a 10% temperature change the.
relative detector response changes by ‘15%. .Although knowiedge
of the probable error associated with -a.given relative detector
output is required to indicate whether 10 or 15% changes in
detector. response can be adequately resolved, which involves an
experimental evaluation of the detection instrumentation, one
is left.with. considerable skepticism.-when anticipating such
resolution in the 10~19-10-!lampere regions.

Likewise, an experimental evaluation of the effects of electron
space charge. on the ion energy. resclution. attainable with the
retarding potential energy spectrometer is required before a
final decision can be made regarding -the  temperature resolution
which 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 Potential Due To A Uniform Electron Beam

The following calculation. provides -an estimate of the mag-
nitude of the space charge potential -due to a uniform, cylindri-
cal electron beam with operating parameters typical of those
considered for a flight detection system. Consider the fol-
lowing beam geometry:

- —

—{
S 1

| =
- wa

For a cylindrical Gaussian element.-located near the center
of the beam (where its length de¢<<%), and because of the geo-
metrical symmetry and the assumed.uniform charge density, the
only non-zero component of the electric field vector is Er .
Therefore, applying Gauss's Law yields

J,E‘dé; dng (A-1)
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or

Er2ﬂrd£ = 4ﬁpﬂrzél (A-2)

which reduces to

Er = 2mpx (A-3)

where p is the electron charge density. The gradient of the
potential, dependent only on r , is

B =-ve (A-4)

or

do -
dr (A-5)

Combining Eg. (A-3) and (A-5) and. integrating from the center
of the beam to R, the potential difference becomes

R

Ap = = J 2nprdr (A=6)

4
or

A¢ (R) = = mpRZ -~ (A=7)
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For a beam of uniform charge density, accelerated at a
potential Vo » the total electron current becomes

i = pVeA (A-8)

or

i o= pve'rrRz (a-9)

3

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

. =.?eVo i . (A~10)
e m
e
Substituting (A-10) into (A~9) and solving for o ,
- leme % (A-11)
mRZ (2eV )% :
Therefore, using Eg. (A-1ll) and (A-7), it follows that
m, s
Ad (R) = .'I.e —2"57—0 (A-12)

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

it
®

[ S
i

10™"% amperes

N
<
L]

100 volts

113



the potential difference from.the center of the electron beam
to. that at R 1is calculated to be

A¢p(R) = 0.15 volts (A-13)
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APPENDIX B

LIST OF SYMBOLS

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~ L.

Differential flux density, cm™2-sec”t.
Maxwell-Boltzmann distribution function.

Electron current, amperes.
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K Attenuvation coefficient.

k Boltzmann constant, erg-°K-1l,

L/D Length-to-diameter ratio.

L Flight path length, cm.

m. Molecular mass, gm.

N* Number of metastables.

N Number of metastables per unit time, sec™!.

n Molecular density at the interaction region, cm™3,
n_ Atmospheric density, cm™3,

n. Axial density of the transmitted flux, cm~3,

P Electron collision probability per unit path

length, cm~1,

S = U/vm Speed ratio.

S/N Signal-to-noise ratio.

s Separation distance of metastable from a metal
surface, cm.

s Critical separation affecting the excitation

c

energy levels of metastables, cm.

T Gas temperature, °K.

Tg(s,x) Geometrical transmission function.
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dt
t!

At

Flight time, sec.
Detector delay gating interval, sec.
Metastable drift time, sec.

Electron beam pulse du:ation, sec.

Time~of-flight corresponding to the maximum of

the velocity distribution, sec.
Vehicle speed, cm-sec—!
Particle velocity, cm-sec™!

Relative molecular velocity, cm-sec™!

Most probable thermal molecular speed, cm-sec™!

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.



¢ =
da
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tan~lp/L

Transmission angle.

Electron path length, cm,

Ratio of incident ion mass to target atom mass.
Electron pulse repetition rate, sec™!.

Total electron impact excitation cross-section,
cm?,

Work function, eV,
Transmission angle.

Differential solid angle, sr.
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