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FOREWORD

The work reported herein was done for the Air Force Systems
Command (AFSC), under Program Element §1440514, Project 8951,

Task 895105.

The results of research which are presented in this report were
obtained by ARQO, Inc. (a subsidiary of Sverdrup & Parcel and
Associates, Inec.), contract operator of the Arnold Engineering Develop-
ment Center (AEDC}, AFSC, Arnold Air Force Station, Tennessee,
under Contract AF 40(600)-1200. The research was conducted from
October 18, 1963, to September 30, 1965, under ARO Project No. PL2419,
and the report was submitted by the authors on September 26, 1966.

Some of the information reported herein was presented at the 2nd
International Congress on Instrumentation in Aerospace Simulation
Facilities, August 29-31, 1966, held at Stanford University.

This work was funded partially by NASA under Project Super. These
funds were used to extend the work beyond 50, 000 v. A 350, 000-v
electron gun has been built, but test results using this gun are incomplete.
Only the work at 50, 000 v is reported here.

This technical report has been reviewed and is approved.

Fred W. Alles Edward R. Feicht
1/Lt, USAF Colonel, USAF
Research Division Director of Plans and Technology

Directorate of Plans and Technology
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FOREWORD

The work reported herein was done for the Air Force Systems
Command (AFSC), under Program Element 61440514, Project 8951,
Task 895103.

The results of research which are presented in this report were
obtained by ARO, Inc. (a subsidiary of Sverdrup & Parcel and
Associates, Inc.), contract operator of the Arnold Engineering Develop-
ment Center (AEDC), AFSC, Arnold Air Force Station, Tennessee,
under Contract AF 40(600)-1200. The research was conducted from
October 18, 1963, to September 30, 1965, under ARO Project No. P1.2419,
and the report was submitted by the authors on September 26, 1966.

Some of the information reported herein was presented at the 2nd
International Congress on Instrumentation in Aerospace Simulation
Facilities, August 29-31, 1966, held at Stanford University.

This work was funded partially by NASA under Project Super,
Project 9514/951405. These funds were used to extend the work
beyond 50, 000 v. A 350, 000-v electron gun has been built, but test
results using this gun are incomplete. Only the work at 50,000 v
is reported here,

This technical report has been reviewed and is approved.

Edward R. Feicht Leonard T. Glaser
Colonel, USAF Colonel, USAF
AF Representative, PWT Director of Test

Directorate of Test
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ABSTRACT

It is theoretically possible to infer the density of a gas from the
rate at which particles are scattered out of a beam of subatomic
particles which is passed through the gas. This technique offers the
possibility of a probeless density measurement which is independent
of the state of the gas. Previous research verified that this technique
could be implemented using a gamma ray beam, but that the best
spatial resolution and measuring time which could be achieved were
inadequate to allow the technique to be applied to a low density test
facility. In the research reported herein, the technique was applied
using a 50, 000-v electron beam. It was found that excellent spatial
resolution and measuring time could be achieved at densities as low
as 6 x 1078 gm/cmB. Density profiles were measured in a low density
wind tunnel with a nozzle exit diameter of 18 in. and an open jet test
section. A spatial resolution of about 1 cm was achieved, and measure-
ments required 10 sec per point. This measuring time can probably be
reduced by several orders of magnitude 1f necessary. The densities
measured were repeatable within 1 percent. Accuracy, spatial resolu-
tion, and measuring time are found to be interrelated. The constraint
on the combination is discussed in detail. The design of equipment is
discussed.

iii
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NOMENCLATURE

Units: cgs units are used with two exceptions:

pressure is measured in torr, or microns
of mercury, and electrical quantities are
measured in practical units.

Atomic weight, atomic mass units

Spatial resolution along the beam, cm

Impact parameter, cm

Collimator dimension, cm (see Fig. 34a)

Number of electrons counted in time T

Average counting rate, electrons/sec

Collimater dimension, c¢m (see Fig. 34a)

Distance from sensitive volume to collimator entrance, c¢m

Standard deviation of the variate, C

Collimator dimension, c¢m (see Fig. 34a)

Expected {(average) value of the variate, C

Rest energy of an electron, 510, 984 ev

Charge of an electron, 1,60207 x 10~ 19 coulomb

A function defined by Eq. (5)

Collimator dimension, c¢cm (see Fig. 34a)

A function defined by Eq. (6)

Collimator dimension, cm (see Fig. 34a)

A function defined by Eq. (4)

Beam current, amp

A constant, 12. 362

Beam length between gun and sensitive volume, cm
Avogadro's number, 6.02472 x 1023 particles/gm mole
Atomic number density, atom/cm?
A parameter defined by Eq. (9), cm

Q of a lens collimator, cm

ix
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Q of a slit collimator of optimum design, em

rms beam radius, c¢m

Classical radius of an electron, 2.81784 x 10°13 cm
Cross-sectional area of electron beam, cm?

Lens area, cm?

Measuring time, sec

Detector diameter, cm

Beam voltage, v

Width of detector which is visible, cm

Thickness of scattering medium, cm

Distance from axis of collimator, cm

Atomic number

Number of atoms of type i in molecule of type j
Ratio of speed of a particle to speed of light
Fraction by volume of molecules of type j in a mixture
Dimensionless beam radius, rpf#

Dimensionless spatial resolution, a/D

Fractional statistical accuracy

Scattering angle, radians

Average number of atoms per molecule in a mixture
Mass density of a gas, gm/cm3

Scattering cross section per atom, em?

Differential scattering cross section per atom,
do/dS, cm?

Solid angle subtended by detector, steradians
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SECTION |
INTRODUCTION

In 1961 Dr. John B. Dicks, acting as a consultant to ARO, Inc.,
investigated the possibility of applying the methods of the physics
laboratory toward solving some of the measurement problems which
were plaguing the aerospace field. His suggestions were presented
in a report which was circulated within the Arnocld Engineering
Development Center. One of his proposals was that the density of
a gas at a point could be inferred from measurements of the scatter-
ing of subatomic particles in the gas. The possibility is obviously
attractive; first, because the gas flow need not be disturbed by
material probes, and second, because the method is applicable to
high enthalpy flows wherein the use of probes may be impossible.

The principle of measurement is indicated in Fig. 1. A beam of
particles traverses the gas flow. The type and energy of the particles
are chosen so that very nearly the entire beam reaches the collector
without suffering collisions with gas molecules. All along the beam,
however, such collisions occasionally occur, and the colliding particle
is scattered out of the beam in a random direction. If a particle de-
tector is fitted with a collimator so that it views a portion of the beam,
it will intercept a fixed fraction of the particles which are scattered
within this portion of the beam, the fracticn being determined by the
size and position of the detector. Since the probability that a colli-
sion will occur is proportional to the number of molecules exposed to
the beam, the rate at which particles are detected is proportional to
the gas density. The measurement is made in the volume defined by
the intersection of the beam and the field of view of the detector.

The type and energy of the particles can be chosen to fit the cir-
cumstances; i.e., the density and composition of the gas, the physical
size of the apparatus, the time available for measurement, and so
forth. The choice is influenced by the following considerations:

1. The scattering cross section must be high enough so that a
sufficient number of particles will be detected in the time
available, and yet low enough so that the beam intensity will
not vary appreciably between source and collector.

2. The particles must be easily detected.

3. It must be possible to collimate the particles into a well de-
fined beam.
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4. The particles must be available in sufficient numbers from a
source which is convenient in terms of size, weight, cost,
and safety hazard.

5. The source must in most cases produce particles of a well
defined energy.

The initial work on this concept of measurement was done using
gamma rays (photons) from a radioactive source (cesium 137) and is
described in Ref. 1. Measurements were made in the flame of a pro-
pane torch which agreed with conventional aerodynamic measurements,
and the counting rates observed were found to be in agreement with the
assumed scattering mechanism, Compton scattering. Compton scat-
tering is the process wherein phetons are scattered out of a beam by
collisions with atomic electrons. However, the source was found to be
inconvenient to handle because of the safety hazard involved and the
heavy lead shielding which was necessary. It was also extremely in-
efficient. Photons are emitted in all directions, and those which are
emitted in the desired direction represent a minute fraction of the total.
Furthermore, these particles were difficult to collimate, since they
penetrate a half-inch of lead, the best shielding material available,
Long measuring times were necessary (several minutes), and the pros-
pects for reducing the required time were not bright, In retrospect,
it appears that the method might be used with gamma rays at high
densities (atmospheric and above) in applications requiring only modest
spatial resolution.

In order to apply this method to an aerospace test facility, it was
necessary to obtain significant improvements in spatial resolution and
measurement time over those which could be achieved with gamma
rays. These improvements were achieved by using electrons with
50-kev energy as the probing particle. Since the electrons carry a
charge, it is possible to focus them in the desired direction, so that a
smaller, far more intense beam can be obtained than is available from
a gamma ray source. This intense beam, coupled with a scattering
cross section which is several orders of magnitude larger than the
cross section for gamma scattering, results in shorter measuring
times at much lower densities than can be achieved with gamma rays.
The safety hazard is reduced, because the electrons are much less
penetrating than gamma rays and because the electron gun emits elec-
trons only when actually in use. The electron beam does generate
X-rays, however, and personnel radiation monitoring and some shield-
ing must be used. It is a problem which has been easy to handle, but
it is one which must be dealt with.
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Electron beams have been used in the past for density measure-
ments. In several instances, the attenuation of the beam in traversing
the gas has been calibrated in terms of density (Refs. 2, 3, and 4).

This technique suffers from several theoretical objections and also has
one severe operational disadvantage: The density measured is a func-
tion of the gas density along the entire length of the beam, and if density
gradients are present, the measurement is difficult to interpret.

The beam has also been used to induce fluorescence in the gas.
Over a range of densities, the light output per unit length of beam 1s
proportional to density. A photocell and collimator can be arranged
to view a small portion of the beam and thus tc make a point density
measurement. This technique has been successfully applied in wind
tunnels several times (Refs. 5, 6, and 7). The method fails at den-
sities high enough so that excited molecules lose energy by processes
other than radiaticn (e. g., collisions with other molecules). On the
low density end, the method fails when sufficient light is no longer
available from the beam or when background radiation becomes a
problem. It presently appears that the scattering technique can be
applied at both higher and lower densities than the fluorescence technique.

It is also possible to analyze the light from the beam spectrescopi-
cally. This technique offers exciting possibilities for determining the
exact state of a nonequilibrium gas and perhaps even its velocity (Refs. 8§,
9, and 10).

The possibility of using electron scattering for density measurements
has been discussed (Refs. 11 and 12), and the method has been success-
fully applied in at least one instance to a shock tunnel (Ref. 13). In this
application, individual electrons were not detected, but only the cumu-
lative effect of many electrons striking the detector. The ultimate capa-
bilities of the method for spatial resclution were not utilized, but the
short measuring time capability was. Measurements were made in several
microseconds.

An adequate theory to account for electron scattering has been avail-
able for many years: The deviation of the electron from its initial straight
path is caused by the coulomb attraction between the electron and the
positively charged atomic nucleus. This process is known as Rutherferd
scattering. The work reported here was not undertaken in order to learn
anything basic about particle physics, and it came as no surprise that the
Rutherford theory satisfactorily accounted for the detected counting rates.
The work was done, on the other hand, to determine whether the mundane
problems cof generating the beam and detecting the scattered electrons
could be sclved, and to gain experience in these areas.
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Most of the effort which went into this project was spent in these
areas: First, generating a well focused beam (which must be done at
a pressure on the order of 1079 torr Hg) and injecting it into the test
gas, which is at a pressure of 1 to 1000 # Hg; Second, detecting the
scattered electrons in the presence of amplifier noise, and verifying
that they arrive with the correct numbers and energies; Third, meas-
uring the effect of various parameters on beam spreading; that is,
determining what spatial resolution can be achieved; and Fourth, apply-
ing the method tc a low density wind tunnel.

SECTION It
THEORY OF RUTHERFORD SCATTERING

2.1 COLLISIONS OF ELECTRONS WITH ATOMS

When a beam electron encounters an atom of the scattering medium,
the interaction between the two is described as a collision. Since the
De Broglie wavelength of the beam electron is small {of the order of

5 x 1010 ¢m) compared to the dimensions of an atom, the beam electron
does not see the atom as a single particle but as a collection of inidividual
electrons and a nucleus.

In a collision between the beam electron and an atomic electron, the
atomic electron can acquire considerable energy, so that the atom is
left excited or ionized. Such collisions are termed inelastic. In such a
collision, the beam electron loses some of its energy, but because of
its very large initial momentum, the change in its direction is very small
(Ref. 14). When the atom returns to the ground state (or recombines with
an electron) following the collision, the excess energy is radiated. This
process is responsible for the fluorescence produced by the beam. The
rate of energy loss from the beam is plotted in Fig. 2 (which is a plot of
Eq. (8.3), page 63, Ref. 14). As Fig. 2 shows, the energy loss in the
density and voltage range of interest is insignificant.

When a beam electron collides with an atomic nucleus, it loses very
little energy since the nucleus is four orders of magnitude heavier than
the electron, and thus is essentially immovable. Such collisions are
termed elastic. If the electron passes some distance from the nucleus,
its exact path is difficult to determine because it is influenced both by
the nuclear field and by the field of the electron shell. If it is to be de-
flected through a significant angle, however, it must pass well within
the electron shell, where it is completely exposed to the intense field of
the bare nucleus. Since the radius of the orbit of the innermost elecirons
of the light elements is about 10"9 c¢m, whereas the nuclear radius is
about 5 x 10713 ¢m, it is evident that there is a vast region within the
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atom wherein the effect of the electron shell on the beam electron is
insignificant, The path of the electron in this region is determined
solely by the coulomb attraction of the nucleus. This force has the
same form as the gravitational attraction between bodies (the force

is inversly proportional to the square of the distance), and the electron
thus follows the same path as an orbiting astronomical body. In this
case, the electron has too much energy to remain bound to the nucleus
in a closed orbit, and its path is thus a hyperbola.

2.2 COLLISION CROSS SECTION OF A SINGLE ATOM

By solving for the path of the electron, one may determine the
angle through which the electron is deflected (Ref. 15),

g B* b
COt 2— = Z . T (1)

The parameter B expresses the speed of the electron, which is a
function only of beam voltage, and is given by

NI N)

The parameter b, which is known as the "impact parameter, ' is the
distance by which the electron would miss the nucleus if it were not
deflected {see Fig. 3). Equation (1) cannot be used directly because

it is obviously not possible to determine b for each collision. In place
of Eq. (1), it is more convenient to have an expression for the effective
cross-sectional area of the nucleus, ¢. The cross section is defined as
the area presented by each atom through which an incident electron must
pass if it is to enter a given detector. If a very small detector is used,
which intercepts electrons scattered through an angle 8 and which sub-
tends a solid angle d€2, then the cross section presented by each atom is
(Ref. 15)

B o O (3)
2

The physical significance of do is shown in Fig. 4.

Equation (3) was derived using classical mechanics and requires
two corrections. First, since the velocity of the beam electrons
approaches the speed of light, a correction must be made for the in-
crease of mass of the electron. This necessitates multiplying Eq. (3}
by (1 - B2). Second, at high velocities and large angles, the electron
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approaches the nucleus quite closely and a quantum mechanical correc-
tion for the spin of the electron must be made (Ref. 16). This necessi-
tates multiplying Eq. (3) by the factor H(B, 8, Z), where

H(B,0,2) =1~ o’ Lvnp o2 (1-sin &) (sin ) (4)
If functions F (B) and G () are now defined
Fp - =5 (5)
B
G = 1 5
sln'i (6)

2

Equation (3} {with corrections) may then be expressed as
2
®(8,0,2) - S = (=) 7 FB) GO H(B,6,D (7

In order to facilitate the calculation of cross sections, the functions
F(B) and G (8) are tabulated in Tables I and II and are plotted in Figs. 5
and 6. The function H(B, 6, Z) is plotted in Fig. 7 for hydrogen, air,
and argon {(atomic numbers of 1, 7.3, and 18). Finally, cross sections
for a number of gases have been tabulated in Table III. The manner
in which the figures for air were obtained is given in Section 2, 4.

2.3 COUNTING RATE AT THE DETECTOR

Equation (7) describes the effect of a single atom on a single
electron. It is easy to determine the effect of many atoms upon the
beam, provided that multiple scattering can be neglected. That is,
the probability that an electron will reach the detector by a single large
angle scattering must be much larger than the probability that it will
reach the detector by many small angle scatterings. This condition is
probably met in this case. Multiple scattering is also accompanied by
spreading of the beam (Ref. 17), and it is likely that beam spreading
would obviate the measurement at densities so high that multiple scatter-
ing became a problem.

Assuming that single scattering prevails, let an electron beam of
cross-sectional area Sy traverse a slab of scattering medium of thick-
ness x. The volume of scattering medium exposed to the beam is then

Sp X, and this volume will contain —TA P . Sp x atoms. Since each atom

presents an area do to the beam, the total area presented by these atoms
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N

is TA p. Spx.d. 8 The probability that an electron traversing the

medium will enter the detector is equal to the fraction of the beam aresa

thus covered, ——-Aé p® 2 x. The rate at which electrons will be de-

tected is equal to this probability multiplied by the number of electrons
per second in the beam,

Na

m|-—'

C =

In most cases, the solid angle subtended by the detector will be a
function of position along the beam. In this case, the product 2x in

Eq. (8) must be replaced by S ©Q(x)dx, and the counting rate is given by

c=:)—'\[—: p®Q (9
where Q=7 0(x) &

Geometry enters this expression through ¢ and Q; beam voltage and
current enter through ¢ and I; gas composition enters through A and o;
density enters directly as p; and the remaining factors are constants.

Since p is the atomic number density in the gas, it is possible

to calibrate this instrument either in terms of number density, n, or of
mass density, p. If the gas composition were fixed, this would be a
matter of choice. However, @ is nearly proportional to Zz, so that if
the calibration is made in terms of number density, sensitivity will vary
as Z2. On the other hand, if the calibration is made in terms of mass

density, sensitivity varies as = and is less strongly influenced by

changes in gas composition.
2.4 COUNTING RATE WHEN SEVERAL TYPES OF ATOMS ARE INVOLVED

Equation (9) is applicable if the gas contains a single type of atom
only, but cannot be used directly if the gas molecules are composed of
several types of atoms, or if the gas is a mixture of several types of
molecules (e. g., air). In this case, each type of atom scatters elec-
trons into the detector as if it alone were present.

Equation (9) may be used even in the case of a mixture, if appro-
priate definitions are adopted for an average atomic weight, A,ye, and
an average cross section, ®,.., as follows. We may define the com-
-position of the molecules present by a parameter o;;, where 045 is the
number of atoms of type i contained in molecule type j. The mixture
composition may similarly be defined by the parameter Bj, where BJ- is
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the fraction by volume of molecules of type j in the mixture. We also

define v = E Bj ajjs the average number of atoms per molecule (averaged
1]

over all types of molecules in the mixture). Then

1
Qave = v ]E B] a,) @,

—

and (10)

Aave = o ?] Bj a;j A;

It is also convenient to define an average atomic number, Z,y,, and an
average function, Hyye» So that Eq. (7) can be used directly to calculate
®5ve- These are

and R (11)

The cross sections given in Table III and the function H{(B, 8, Z)
plotted in Fig. 7 were calculated assuming the following composition for
air:

Component Fraction by Volume
Ng 0.7808
Oq 0. 2095
A 0.0093
COg 0.0003
0.9989

This composition results in

v

1. 9208 atoms per molecule

Aave = 14. 5487 atomic mass units

7.3105

H

Zave

Since large angle scattering requires that the beam electron pene-
trate deep within the electron shell of the atom, close to the nucleus,
it is reasonable to suppose that the path of the electron will be inde-
pendent of the state of the electron shell. The detected counting rate
should then depend only upon the gas density and should not be affected
by excitation, ionization, or dissociation of the gas. This is a very
attractive possibility. It has not been possible to test it experimentally,
however, because of the difficulty of producing a volume of ionized or
dissociated gas of known density.
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SECTICN 1l
THE ELECTRON SOURCE

This measurement technigue requires the use of an electron beam
of roughly the same voltage and current as are used in some television
tubes. These guns are available commercially and are complete with
lenses so the user need not be concerned with the problems of electron
optics. There are, however, other problems which are met in using
these guns, such as providing high voltage insulation, injecting the beam
into the relatively high pressure test gas, and supplying the several
electrode voltages to the gun. Two electron gun assemblies have been
built and used during the course of this work. Since some difficulty was
experienced with them, their design and the problems encountered will
be discussed. Both electron guns were operated at 50 kv, primarily be-
cause this appeared to be about the lowest voltage at which electrons
could be reliably detected. The gun used! was manufactured as a re-
placement part for a Type TINP4 TV projection tube, which is rated at
80 kv. Figure 8 is a photograph of one of these guns.

3.1 GENERAL DESIGN CONSIDERATIONS

Twoe peints became clear early in the development. First, no in-
sulating material may be exposed to the beam. Invariably, it will
charge and discharge erratically because of secondary electron bom-
bardment and the beam will be deflected and defocused randomly. In
one case, random deflections were traced to an insulating deposit which
formed on an orifice when the beam decomposed pump oil vapor.

The second point is that the oxide cathode which is normally suppiied
with these guns is unsatisfactory in this application. Although it will last
for hundreds of hours in the projection tube (operating at pressures be-
low 10-7 torr), its life is at most an hour or two at pressures in the
1072 torr range, when it is exposed to water vapor and pump oil vapor.
Fortunately, the supplier was able to furnish these guns with tungsten
filaments. These filaments operate well at pressures somewhat above
10"4 torr (although focusing is poor at such a high pressure). At beam
currents of 100 pa, the guns will last 25 hr or more. Beam currents of
600 ua have been obtained for short periods. The only difficulty which
has been encountered with these guns is that the filaments are not

1The guns were supplied by the Superior Electronics Corp.,
Clifton, New Jersey, and are designated as Type TNA.
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accurately positioned as supplied. With some effort, the position of
the filament can be checked and corrected before the gun is installed.

3.2 SEAL BETWEEN GUN AND YACUUM SYSTEM

The guns are supplied with a lead-glass header through which the
leads are brought out and can be sealed to the vacuum system through
a lead glass-to-metal seal. This provides an excellent vacuum seal
but makes changing guns quite awkward, since the services of a glass
blower are required. Furthermore, the seal sometimes cracks be-
cause of the heat generated by the filament. A method of sealing the
gun which overcomes these objections is shown in Fig. 9. The header
is sealed by a semi-flexible epoxyz into a stainless steel fitting which is,
in turn, jointed to the vacuum system by an O-ring seal. Although the
epoxy joint will occasionally leak, it represents a considerable improve-
ment over a glass-to-glass seal. The epoxy joint is improved if the
gun is placed in a bell jar and pumped to a low pressure for a few
minutes before the epoxy sets up.

3.3 HIGH VOLTAGE INSULATION

Since the beam must emerge from the gun at ground potential, the
cathode must be operated at a negative potential of 50 kv. This poses
a design problem which cannot be entirely solved analytically, A con-
siderable volume of literature on high voltage breakdown is available,
but most of it is applicable only to special geometries, usually to the
case of uniform fields. Nevertheless, Refs. 18 through 21 are quite
useful.

Generally, an electron gun is designed so that the ingsulator which
supports the high voltage components alsc serves as a wall of the
vacuum enclosure. High voltage breakdown usually occurs along the
surface of this insulator. If air at atmospheric pressure is used on one
side of the insulator, breakdown usually occurs in the air., However, if
high pressure air, or a gas such as sulfur hexafluoride is used, break-
down occurs on the vacuum side of the insulator. The breakdown voltage
is very sensitive to the shape and texture of the insulator surface, and
the material of which it is made. The junction between the insulator and
the metal electrode is also critical.

2EC-2216, manufactured by 3-M Company.
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Even if the high voltage insulatoer does not break down, a small
leakage current is inevitable. This current flows along the surface
of the insulator, or through the insulating gas as a corona discharge
(the last traces of corona being very difficult to eliminate). It is
important that this current be supplied directly from the power supply
and not from one of the gun electrodes, since most of the electrodes
are supplied from a fairly high impedance source. This can be
accomplished by mounting the gun within a metal tube which is sup-
ported by the high voltage insulator and is connected electrically to
the gun cathode and to the power supply (refer to Section 3.6). Of
course, the gun electrodes must be insulated from this tube, but since
the electrode voltages (with respect to the cathode) are much smaller
than the total accelerating veltage, leakage from the electrodes is not
a serious problem.

3.4 VACUUM SYSTEM

A major consideration in designing an electron gun assembly is
that of injecting the beam into a relatively high pressure gas while
maintaining the gun volume at low pressure. This is usually accom-
plished by providing a small orifice through which the beam emerges
into the higher pressure gas. The gun housing must then be connected
to pumps large enough to maintain the desired pressure in spite of the
influx of gas through the orifice. The size of the orifice sheould of
course he as small as possible and is determined by the minimum diam-
eter to which the beam can be focused. If pumps of exorbitant size
would be required to obtain the desired pressure drop in one stage, then
the beam can be made to pass through two or more orifices in succes-
sion (Fig. 10). By pumping the gun housing and the space between each
pair of orifices, enormous pressure ratios can be obtained with small
pumps.

The design of these ''dynamic" pumping systems is discussed in
detail in Ref. 22, The procedures described in this reference have
been found tc be accurate, but the charts used in the design are in a
rather inconvenient form. In Appendix III, the design procedure is
discussed, and charts are presented in a modified form which is per-
haps more convenient to use.

3.5 POWER SUPPLY

The guns used are of the electrostatic focusing type and require,
in addition to the 50-kv anode voltage, filament, bias (Gl), accelerating
(G2), and focusing {G3) voltages. The anode voltage can be obtained
from any of a number of commercially available 50-kv, 1-ma supplies.

11
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The filament voltage can be obtained from a commercially available
transformer, or one can be constructed by winding a number of turns
of RG-58-U core on a toroidal primary3. The other voltages are
more difficult since they must be supplied with respect to the cathode,
and the supplies must be insulated from ground for 50 kv. The bias
and accelerating electrodes require only a few hundred volts at very
low current and so can be obtained from batteries and can be adjusted
by potentiometers. The focus electrode must be biased about 10-kv -
positive with respect to the cathode and can be connected to a voltage
divider across the 50-kv supply. The focus voltage can be varied by
switching resistors into one leg of the voltage divider.

Any corona current which flows to the gun electrodes will alter the
electrode voltages randomly and cause the operation of the gun to be
erratic. The focus voltage is especially vulnerable because of the high
impedance of the source from which it is obtained. It is useful to
enclose all of the high voltage components within an enclosure which is
connected electrically to the cathode. Components within the enclosure
are then exposed only to the electrode voltages and not to the entire
anode voltage.

The calibration of the density measuring apparatus is sensitive to
variations in beam voltage and current (see Section 6.4). Some form
of beam voltage and current regulation would be very desirable, although
it would undoubtedly be expensive.

3.6 DESCRIPTION OF TWO ELECTRON GUN ASSEMBLIES

Two electron gun assemblies which have been designed on these
principles will now be discussed. The first gradually evolved to the
form shown in Figs. 10 and 11. It was designed to inject a beam into
gas at pressures up to 1 torr. The differential pumping system con-
sists of two stages. The low pressure stage containsg an orifice
0.060-in. diameter by 0.75 in. long; the high pressure orifice is
0.040-in. diameter by 0. 75 in. long. Both are pumped by 2-in. diffu-
sion pumps. The vacuum system performance is shown in Fig, 12,

Both an angular and a lateral adjustment must be provided in order
to align the beam with the axis of the orifices. These adjustments are

3Superior‘ Electric Company, Bristol, Connecticut, Type TP-150.
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made by sliding O-ring seals. For the lateral adjustment, the O-ring
slides on a plane surface, whereas for the angular adjustment, it

slides on a spherical surface with the entrance to the first orifice at

the center of the sphere. In principle, these two adjustments should

be independent; actually they interact somewhat because of the flexibility
of the O-rings. The adjustment is mechanically stable, and the align-
ment is not difficult to perform. However, the necessary machine work
was expensive, and the length of exposed O-ring raises the ultimate
pressure in the vacuum system,.

High voltage insulation for the gun is provided by a cylindrical in-
sulator of Vycor® glass 3. 0-in. OD by 2. 75 in. long. According to
Refs. 20 and 22, this insulator should support well over 50 kv. How-
ever, it often flashed over on the outer surface at voltages as low as
30 kv, probably because it is exposed to 2 nonuniform field. The dif-
ficulty was remedied by surrounding it with transformer oil.

The distance from the gun to the orifice is the same as the distance
from the gun to the fluorescent screen in the TV projection tube. The
beam diameter has not been measured, but it is small enough so that
the orifices intercept legs than 1. 0 percent of the beam current. The
orifices are insulated from ground so that the current which they inter-
cept can be measured. This measurement is almost indispensible in
aligning the beam with the orifices.

The second gun assembly (shown in Figs. 13 and 14} was designed
for use in an 18-in. arc heated tunnel at pressures up to 100 4. The
vacuum system consists of a single orifice 0. 050-in. diameter by
0. 100 in. long, pumped by a 2-in. diffusion pump. The pump exhausts
to the tunnel plenum and, thus, requires no backing pump. The
system maintains a pressure of 2 x 10-4 torr in the gun when the plenum
pressure is 100 u .

The high voltage ingulator is a 4. 0-in. -diam Vycor disk. Since the
housing is mounted in the tunnel plenum, the high pressure side of the
insulator is enclosed by a cap, which is filled with sulfur hexafluoride
to atmospheric pressure. This gas has three times the dielectric
strength of air, is noncorrosive and nontoxic, and is relatively inexpen-
sive. The connections between the gun and the power supply are made
with five lengths of shielded high-voltage cable having a jacket over the
shield. Vacuum seals are made to the cable jacket where it penetrates
the cap and the tunnel plenum. Since both ends of the high voltage cable
are at atmospheric pressure, leakage of gas along the braided shield is
not a problem. RG-58/U was originally used for the high voltage cable
but was found to be unsatisfactory. Although it will support 130 kv in

13
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short tests, its life at 50 kv is only a few hours. Fortunately, a similar
cable rated at 50 kv is available although it is relatively expensive.

Since the vacuumn corifice is quite sheort, a considerable angular mis-
alignment of the beam can be tolerated, and no angular adjustment is
provided. The beam is deflected by a pair of centering coils? to pass
through the orifice. The use of an electrical adjustment simplifies the
construction of the gun and makes alignment of the beam much more
convenient.

The distance from the gun to the orifice was shortened by 6.9 in.
in this design. This has caused no difficulty in focusing the gun. The
orifice is again insulated from ground, so that intercepted current can
be measured.

The housing was initially constructed of thin-walled aluminum tubing.
However, the tubing was porous enough to interfere with the operation of
the vacuum system, and the housing was subsequently rebuilt of stainless
steel.

The same power supply is used with both of these electron gun
housings. Figure 15 is a photograph of the supply, and Fig. 16 is the
schematic diagram. The supply reached its present condition after a
process of evolution and is now in accordance with the general principles
discussed earlier in this section. A number of changes were made in
attempting to eliminate corona discharges in the supply. Halfway
methods such as the use of corona dope and the installation of makeshift
corona shields were only partially effective, and the difficulty was not
eliminated until all of the high voltage components were enclosed in the
cage seen in Fig. 15. The last traces of corona were finally eliminated
by surrounding the course focus switch (Fig. 16) with a cup of trans-
former oil. The top and bottom of the high voltage cage are made from
toroidal corona shields®. The high voltage connections to the gun are
made through an octal socket which is mounted in the center of the top
toroid. Since the focus veltage is too high to be brought through this
socket, one pin of the socket is drilled out. The core of the cable passes
through the socket and terminates in a pin jack mounted about an inch
below the socket.

4Constantine Engineering L.aboratories Company, Mahwah, New
Jersey, Type KC-403.

9 Available from Universal Voltronics Corporation, White Plains,
New York.
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The schematic diagram (Fig. 16} is self-explanatory. The surge
limiting resistor in series with the anode voltage supply is necessary
to protect the supply during flash-overs which occur occasionally. The
spark gaps similarly protect the potentiometers. The power supply
common bus is isolated, and the electron gun itself is insulated from
ground. The beam current alone flows to ground and is measured as it
returns to the common bus. Any leakage currents (except perhaps
corona within the power supply) flow directly to the common bus. This
arrangement is an aid in obtaining an accurate beam current measure-
ment,

SECTION 1Y
DETECTION OF SCATTERED ELECTRONS

Electrons which are elastically scattered in the gas will arrive at
the detector with the full beam energy. These are not the only electrons
which will enter the detector, however. Electrons which rebound from
the collector may eventually enter the detector, after being scattered
about by metal surfaces in the test section (see Section 5. 1}. These
latter electrons may be identified because they will have lost a fraction
of their initial energy in inelastic collisions, For this reason, it is
desirable that the detector have the capability of measuring the energy
of the electrons which strike it.

Electrons arrive at the detector at random time intervals, and an
estimate of the average rate of arrival will necessarily involve a
statistical error. In order to attain a probable error of 1.0 percent in
this estimate, it is necessary to collect at least 4560 electrons. (This
is discussed more fully in Section 6. 3). If measurements are to be
made in a reasonable length of time, it is thus necessary for the detector
to be able to handle hundreds or thousands of electrons per second. In
addition to these rather well defined capabilities, which the detector must
possess, it must also be 'convenient' to use and must survive exposure
to the vacuum environment.

4.1 TYPES OF DETECTORS

The most commonly used particle detectors are the Geiger-Muller
tube, the scintillation detector, and the silicon surface barrier detector.
Geiger-Muller tubes do not provide energy discrimination and are
limited to rather low counting rates, and so cannot be used in this applica-
tion. A scintillation detector with an anthracene crystal was used in some
initial experiments. Such detectors provide adequate energy resolution,
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can handle very high counting rates, and provide a relatively large
electrical output signal. However, the photomultiplier must be
shielded from magnetic fields and must see no light whatever. Fur-
thermore, the antracene crystal has a rather high vapor pressure and
is damaged by exposure to low pressures. The scintillation detector
was abandoned in favor of a silicon surface barrier detector, although
it might serve well in some applications, especially if fitted with a
plastic scintillator in place of the anthracene crystal.

The silicon surface barrier detector consists of a wafer of n-type
silicon on which a very thin p-type layer is formed by an evaporated
layer of gold (Ref. 23). When the p-n junction is reverse-biased, a
depletion layer 50 to 500 ¢ thick is formed. An incident particle
striking the detector dissipates its energy almost entirely in ionizing
silicon atoms within the depletion layer. The free electrons and holes
which result drift to the electrodes in a few nanoseconds and cause an
output current pulse. The total charge in this pulse is proportional to
the number of atoms ionized, which is proportional to the particle energy.
These detectors are very small, are unaffected by magnetic fields, and
withstand exposure to a vacuum environment. Although they are some-
what sensitive to light, they are not nearly so critical in this respect as
are scintillation detectors. Their energy resolution, which is deter-
mined primarily by noise in the subsequent electronics, is perhaps not
as good as that of a scintillation detector, but is adequate for this purpose.
A photograph of a surface barrier detector is shown in Fig. 17.

4.2 DETECTOR INSTRUMENTATION

The instrumentation which follows these detectors is shown in
Fig. 18. The preamplifier converts the extremely low level charge out-
put from the detector into a higher level voltage signal. Because the
preamplifier noise is adversely affected by capacitance across the de-
tector, the preamplifier must be mounted near the detector and connected
to it by the shortest possible cable (no more than a few inches long). The
signal from the preamplifier (about 25 mv) is transmitted to the main
amplifier by a cable of any desired length. In the main amplifier, the
signal is amplified to the 50- to 100-v range, and pulse shaping is accom-
plished. This amplifier is especially designed for good linearity and fast
recovery from overload.

The signal from the main amplifier is examined by the pulse height
analyzer, which can be used in either of two modes. In the integral
mode, the pulse height analyzer delivers an output pulse for each input
pulse which exceeds a set voltage (known as the baseline voltage). In the
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differential mode, the unit delivers an output pulse for each input pulse
which exceeds the baseline voltage by less than a set voltage (known as
the window width). The pulse height analyzer is used to determine the
amplitude distribution of the input pulses. The counter, which follows
the analyzer, measures the rate at which pulses in a given amplitude
range arrive.

4.3 EFFECT OF AMPLIFIER NOISE

The accuracy with which the number and energy of particles striking
the detector can be determined is limited primarily by the noise which
is added to the signal in the preamplifier. This noise has two effects.
First, it degrades the energy resolution of the detector by adding the in-
stantaneous value of the noise voltage to the output pulse amplitude.
Thus, even if all input pulses were of the same amplitude, the output
pulses would not be. Second, since peaks of the noise voltage cannot be
distinguished from current pulses from the detector, the noise causes
extraneous pulses to be counted by the pulse height analyzer.

Figure 19 shows a differential pulse height spectrum which illus-
trates the effect of noise. The input to the preamplifier was obtained in
this case from a pulse generator. Without the effects of the noise, all
of the output pulses would have occurred at a baseline voltage of 42 v.
The noise, however, causes the output pulse height to vary from pulse
to pulse aover a range of several volts. Since the noise has a gaussian
distribution, the output pulse amplitude spectrum does also. (The
gaussian distribution curve, which is "bell-shaped” on linear paper,
plots as a parabola on semi-logarithmic paper.} The high counting rate
at low baseline voltages is caused by the detection of peaks in the noise
voltage itself. These peaks also have a gaussian amplitude distribution
centered at zero baseline volts (Ref. 24).

Any pulse shaping which is performed ahead of the pulse height
analyzer influences the effect of the noise. By reducing the high fre-
quency response of the main amplifier, the rms noise voltage can be
reduced at the expense of increasing the pulse length. It is thus neces-
sary to compromise between good energy resolution (which requires low
noise level) and high counting rate capability {which requires fast pulse
response). The data presented in this report were taken using a dif-
ferentiation with a 1. 6 usec time constant, followed by a 1.0 usec delay
line shaper. Neither of these limits the bandwidth of the amplifier, and
it is quite possible that a considerable improvement in energy resolution
could be obtained by adding some form of low-pass filter.
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SECTION V
VERIFICATION OF THE THEORY

5.1 MEASUREMENTS IN A SMALL TEST CHAMBER

As has been mentioned, the first objective of this work was to
verify that the electrons scattered by the Rutherford process could be
detected, and that they would not be obscured by electrons from other
sources or by electronic noise. To accomplish this, the electron gun
shown in Fig. 10 was mounted on a tank 30 in. in diameter by 18 in.
high (inside dimensions). A small collector was mounted on the opposite
side of the tank, and a collimator and silicon surface barrier detector
were mounted at 90 deg to the beam axis. The general arrangement of
the equipment and the important dimensions are shown in Fig. 20. The
tank was pumped by a two-stage 15-c¢fm mechanical pump and could be
evacuated to 104 in 20 min. The ultimate pressure in the tank was about
2y¢ . The pressure in the tank was controlled by valving off the pump and
bleeding in air to the desired pressure.

Details of the detector and collimator are shown in Fig, 21. The field
of view of the detector was limited by a slit at the front of the collimator
(the slit being perpendicular to the beam axis) and by the dimensions of the
detector itself at the rear of the collimator. The collimator was aligned
so that its axis intersected the beam axis. This alignment is not critical,
however, since the detector field of view is fan-shaped. The value of Q
(Eq. {(9)) for this detector was determined graphically to be 4.1 x 10°9 c¢m.
The detector was at least partially visible over a beam length of 1.28 cm.

Using this experimental arrangement, differential energy spectra of
the scattered electrons were measured as the pressure in the tank was
raised from 10 to 1000u . These spectra showed very high counting rates
and did not have the expected peak at 50-kev energy. The counting rate in-
creased with density, though not linearly. This anomalous behavior was
found to be caused by electrons which were escaping from the collector,
rebounding at random from the walls of the tank, and eventually entering
the detector. Since these electrons had lost part of their energy, they
filled in the valley which was expected in the spectrum. The importance
of completely attenuating the beam at the collector became clear at this
point.

To eliminate these stray electrons, a larger, more efficient collector
was installed, and a baffle plate was added opposite the collimator. A
hole was cut into this baffle plate, which was slightly larger than the de-
tector field of view, so that the detector viewed only the tank wall behind
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the baffle. For a stray electron to enter the detector, it was necessary
for it to enter the hole in the baffle, then to be scattered so that it
struck the wall opposite the detector, and then to be scattered into the
detector. The cavity behind the baffle acts as a "'black body" for elec-
trons in the same manner that a cavity in a mass of gray metal radiates
heat as a black body. Finally, the entire interior of the tank and
collector and both surfaces of the baffle were coated with Aquadag6
Aquadag is nearly 100-percent carbon and produces only about one-tenth
as many fast secondary electrons as steel (Ref. 25). The baffle and the
new collector are indicated by dashed lines in Fig. 20 and are shown in
Fig. 22,

After these changes were made, the spectra of IFig. 23 were obtained,
using a 50-kev, 78-ua beam. Although there was still no peak in the
spectra, they did flatten out in the area where the peak was expected.
Furthermore, counting rates increase nearly linearly with gas density.
The apparatus was calibrated in terms of density, assuming that all elec-
trong with energy greater than 45 kev were scattered in the gas; elec-
trons with lower energy were assumed to be stray electrons. Counting
rates were measured in the integral mode at a baseline voltage correspond-
ing to 45 kev over a range of pressure, resulting in the calibration curve
shown in Fig. 24. (This curve could also have been obtained by measuring
the area under the curve of Fig. 23 above 45 kev.} Figure 24 shows that
counting rate increases linearly with density, except at high densities.

The deviation is probably caused by beam spreading, which was so severe
at these densities that part of the beam may have been outside the de-
tector field of view. The counting rates obtained agreed with the predic-
tion of Eq. (2) within the accuracy with which the geometry was known.

$.2 MEASUREMENTS IN THE LOW DENSITY WIND TUNNEL

A density measuring apparatus was then fabricated and installed in a
low density, arc-heated wind tunnel. This tunnel consists of an 18-in.
exit diameter conical nozzle with a 0. 200-in. -diam throat, a free jet test
section and a diffuser, all enclosed by a 6-ft-diam plenum chamber. It
is powered by a 1/4-Mw arc heater, and the diffuser is pumped by a six-
stage steam ejector. Air is used as the test fluid. Figure 25 is a drawing
showing the major components of the tunnel. The tunnel is well suited to
the use of this measurement technique, because ample room is available

8 Available from Atchison Colloids Company, Port Huron, Michigan.
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for the installation of a large collector and because the plenum walls
are more than twice as far from the point of measurement as were the
walls of the tank previously used.

The entire equipment was mounted on a yoke which was attached to
the tunnel pitot probe mechanism so that the measurement could be
made at any point in a vertical plane through the axis of the flow. The
installation is shown in Figs. 26 and 27. The electron gun used was
that shown in Fig. 13. The collector was 9.0 in. in diameter by 24. 0in,
long, with an entrance hole 4.0 in. in diameter. The detector and col-
limator were mounted at the top of the yoke, and the preamplifier was
enclosed within a pressure-tight box through which cooling air was
passed. Both front and rear slits were used in the collimator, which
viewed a 1. 0-cm length of the beam. No black body was used opposite
the detector, and only the interior of the collector was coated with
Aquadag. The distance from the electron gun orifice to the collector
entrance was 20 in., and the distance from the beam to the collimator
entrance was 19 in.

An improved preamplifier and a detector with a wider depletion
layer were used in these tests, and the cable between the detector and
preamplifier was shortened. These changes resulted in a considerable
reduction in the preamplifier noise.

A number of differential spectra were taken at plenum pressures
from 10 to 100 i (without flow), of which Fig. 28 is typical. This
spectrum was taken at 10 4 using a 48-kev, 100-ua beam. The peak at
the beam energy is well defined and is of the proper shape. The count-
ing rate in the valley is nearly an order of magnitude below the peak
counting rate, although it is not as low as it would be if no stray elec-
trons were present. The improvement in the shape of the spectrum is
caused in part by the reduced preamplifier noise and in part to the re-
duction in the number of stray electrons. The calibration curve shown
in Fig. 29 was made in the integral mode, using a baseline voltage of
26 v. The box around each data point denotes an estimate of the maxi-
mum possible error in the measurement, taking intc account errors in
pressure measurement, voltage and current measurements, and
statistical counting errors.

The counting rates indicated in Fig. 29 are close to (61 percent of)
the rates predicted by Eq. (9). Furthermore, the great majority of the
electrons enter the detector with the beam energy (Fig. 28). These
two observations are deemed to be sufficient evidence for accepting
Rutherford scattering as the process responsible for the scattered elec-
trons. The discrepancy between predicted and measured counting rates
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is not surprising since the geometry (slit widths, etc.} is not accurately
known. It is also possible that the calibration was performed in gas con-
taining a large percentage of water vapor, perhaps caused by back-
streaming from the steam ejector, (which might occur without flow).

The cross section of water vapor is 60 percent of the cross section of
air.

The apparatus was also used to measure the density profile in the
tunnel. This werk is described in Section VIII.

The most significant outcome of this work (aside from the agree-
ment with Rutherford theory which was demonstrated) was the realiza-
tion of the importance of thoroughly absorbing the beam at the collector.
Although there seems to be a very small probability that a given elec-
tron will escape from the collector and will enter the detector after
several bounces from metal surfaces, the probability that a given elec-
tron will collide with a nucleus in the gas and be scattered into the
detector is also very small (e.g., 350 in 6 x 1014 at 104). I many
applications, these stray electrons will probably determine the ultimate
accuracy which can be achieved with the technigue.

SECTION VI
SPATIAL RESOLUTION AND ACCURACY

In this section, the factors which affect spatial resolution and
accuracy will be discussed. The measurement is made in a volume
defined by the cross-sectional area of the beam and the field of view of
the detector. The spatial resolution is thus influenced by spreading of
the electron beam and by the design of the collimator, Errors in meas-
ured density originate from at least three sources. Most basic is the
statistical error due to the random nature of the scattering process.
Then, there are errors imposed by the limitations of the equipment
used, such as errors in voltage and current measurements and errors
caused by electronic noise in the preamplifier. Finally, there are
errors caused by defects in the scattering process itself, primarily be-
cause of the stray electrons. ¥ach of these subjects will be discussed
in turn.

6.1 BEAM SPREADING

The electron beam can spread after it leaves the vacuum system
orifice because of several causes: eleciron optics, space charge
forces, and multiple scattering. The optics of the electron gun cause
the beam to converge to a minimum section at the orifice and to diverge
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after passing through for purely optical reasons. If this effect is large
enough to be objectionable, it can be corrected by installing a lens be-
yond the orifice, so as to reconverge the beam at the point of meas-
urement. The mutual repulsion of the beam electrons (space charge)
can also cause the beam to spread, but this effect is only important at
high currents or low voltages (Ref. 26).

The dominating cause of beam spreading is multiple small angle
scattering of the beam electrons. Eguations {6) and {7) show that the
probabkility of small angle scattering is far larger than the probability
of large angle scattering. There are two net effects of many random
small angle scatterings. First, the beam becomes broader as distance
from the gun increases. Second, individual electrons no longer travel
exactly parallel to the beam axis. Rossi and Greisen show in Ref. 17
that the electron density at any distance from the gun has a gaussian
distribution. Furthermore, the angles which individual electron paths
make with the beam axis have a gaussian distribution. In particular,
they show that the rms beam radius at any distance from the gun is

Y 3 Y
6 - KM p)" 2" zrep)” (12)
where
iy

2

K -8 [l] [Jzn(las i 7"’/3)] - 12.362
6

However, they derived this relationship under the assumption that the
scattered particles have very high energy - much higher energy, in
fact, than has been used in this application.

In order to test Eq. (12), the spreading of the electron beam was
actually measured at energies from 30 to 50 kev, over beam lengths up
to 60 cm using a 60 ua beam. Two means were used to measure heam
size. First, the current density in the beam was surveyed by allowing
the beam to impinge upon a Faraday cage with a very small entrance
hole. A current density map obtained by this means is shown in Fig. 30.
These plots were tedious to obtain and had to be integrated graphically
before they could be compared with Eg. (12). Subsequent measurements
were made by collecting the entire beam in a Faraday cage, and then
measuring the variation in current collected as a metal vane was inserted
to various distances into the beam. Figure 31 shows a group of plots
obtained in this manner. It is shown in Ref. 17 that the current density
measured in this manner should have a gaussian distribution, and plots
such as Fig. 31 were found to approximate quite closely the cumulative
gaussian distribution. The beam radius was taken as the standard
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deviation of the distribution, which is half of the distance from the
16-percent to the 84-percent ordinate on the plot.

The results of these measurements are summarized in Fig. 32 and
are compared with Eq. (12) in Fig. 33, It is evident that the agreement
is only fair and that in all cases Eq. (12) is pessimistic. The lack of
agreement might be because of the assumption of high energy in deriving
Eq. (12), or it might be a result of space charge effects. It is known
that under certain conditions a core of positive ions will form in a beam
and will reduce its spreading. In any case, it is conservative to assume
that the discrepancy is caused by space charge. One would then use
Fig. 32 to predict the size of the electron beam, but would use Eq. (12}
to predict spreading between the sensitive volume and the detector,
where current density is very small and space charge presumably neg-
ligible.

The primary effect of beam spreading is to degrade the spatial
resolution of the measurement. There is no first-order effect on count-
ing rate, because, as Eg. (9) shows, counting rate depends only on total
beam current and not on current density. There might be a second-order
effect on counting rate, however, for two reasons. First, beam spread-
ing will cause some electrons to cross the detector field of view closer
to the detector where the detector solid angle, 2, is larger. Second, the
scattering angle, 8, will no longer be 20 deg for all electrons, since the
electron paths will be inclined at a small angle to the beam axis. This
effect might cause the counting rate to increase because the scattering
cross section is a strong function of scattering angle.

Beam spreading will also have an effect on scattered electrons be-
tween the point of measurement and the detector. That is, it will cause
some electrons which should strike the detector to miss it and con-
versely. Reasoning loosely, it seems that these two effects should cancel,
and that there should be no first-order effect on counting rate. Further
analysis is needed to show whether this is, in fact, true. In any event, it
is pointless to design a collimator which attempts to attain spatial resolu-
tion beyond the limit imposed by beam spreading.

6.2 DESIGN OF COLLIMATORS

The purpose of the collimator is to restrict the field of view of the
detector to a small length of the beam. This can be accomplished by
mounting a pair of slits between the detector and the beam, the slits
being perpendicular to the beam axis. The slits produce a fan-shaped
field of view, which is narrow in a direction parallel to the beam, but
wide in a direction perpendicular to the beam (see Fig. 1).
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The geometry of the collimator is shown 1n Fig. 34a for the case
of a scattering angle of 90 deg. Over a length of beam f, the detector
width is determined by the rear slit, and the detector solid angle is
the same from any point in this region. At least some part of the de-
tector is visible over the beam length g. Within the region g, but out-
side of f, the detector width is determined by one edge of the front slit
and the opposite edge of the rear slit. Over this region, detector
width varies linearly with distance along the beam, as is shown in
Fig. 34b.

The front slit should, of course, be placed as close to the beam as
possible so that the dimension D is normally determined by the radius
of the flow. The dimension g is determined by the spatial resolution
desired. The problem is then to determine what values of the dimen-
sions b, ¢, and d will yield the desired value of g, and at the same time
maximize Q (Eq. (9)). The problem may be solved as follows: Assum-
ing that b and d are fixed, find the value of ¢ which yields the desired
value of g. Then, using this value of ¢ and letting b remain fixed, find
the value of d which maximizes Q. This results in

LY
€= 32D
be
d = 2{D + b)
(13)
tb gt
4 DD+ b)?
f=20

where t is the length of detector exposed (which may be taken to be the
detector diameter). @ may now be maximized with respect to b, result-
ing in

b=D
4~ 5 (14)

2

Qopt =1 (—4%)

The maximum with respect to b is very broad, however, and little is
lost by shortening the collimator appreciably. The value of Q/Qopt is
Q _ _4bD
Qop: (D 4+ BY (15)

which is plotted in Fig. 35.
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The collimator just discussed is wasteful of detector area since
most of the detector 1s masked by the rear slit. All of the detector
area can be used if the slits are replaced by a ''venetian blind" arrange-
ment, as shown in Fig. 36. This would, of course, be more difficult to
construct than a simple slit collimator.

A most attractive possibility for increasing Q is to replace the
collimator by an electron lens (Fig. 37) and to image a segment of the
beam onto the detector. The solid angle, §2, would then be determined
by the lens area and the distance from the lens to the beam. Q would be
given by

Q; - £ (16)

Since lenses up to 5 in. in diameter are available, Q could be increased
several orders of magnitude by replacing a slit collimator by a lens.

A lens has not been fried in connection with this work, and problems
might arise. For instance, it would be difficult to determine when the
lens was properly focused.

If the scattering angle is not 90 deg, this derivation remains valid,
except that the path length over which each beam electron is in view of
the detector is increased by (sin 9)" 1, and Q must be multiplied by this
factor. Furthermore, the spatial resolution (measured along the beam)
is no longer the dimension g, but is greater by the same factor
(sin 6)'1. Spatial resolution is dencted by a. If Q is expressed in terms
of spatial resolution, a, and if the factor (sin 8)~! is included, Egs. (14)
and (16) become

2 2
- a sin # 1 - /a) in 0 17
Qopt t( aD ) sind ' \ap) T (7
and
asinﬁSz 1 ~ a5, (18)
Q - D? sinf D2

The definition of a is perhaps not consistent with the definition of
ry,, since Ty denotes the rms beam radius, and some scattering takes
place beyond rp. On the other hand, a denotes the absolute limits on
the field of view, and no electrons scattered beyond a are detected
(neglecting small angle scattering). The definition of a is useful, how-
ever, if this is kept in mind.
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6.3 STATISTICAL COUNTING ERRORS

Since the arrival of the electrons at the detector is a random pro-
cess, one would not expect to detect exactly the same number of
electrons during each period of, say, 10 sec. The probability of de-
tecting a given number of electrons in a given time interval is described
mathematically by the Poisson prcbability distribution. The important
features of this distribution are that for large numbers of electrons it
approaches a gaussian distribution, and that the standard deviation of the
number of electrons detected inthe given time interval is equal to the
square root of the average number detected in this interval. That is,

%
D(C) = [E(C)] (19)

We may define a parameter ¢ as the ratic of the deviation in the number
of electrons detected to the average number detected

_ D{C) _ —l/’
€ = s [E(C)] (20)

Thus, to attain a standard deviation of 1.0-percent error, one must count
long enough to detect 10, 000 electrons on the average. The probable error
{the error which is exceeded on half of the measurements) is equal to 0.675
D(C), so that one must count 4560 electrons on the average to attain a prob-
able error of 1.0 percent. Figure 38 is a plot of standard deviation and prob-
able error in the measurement versus average number of electrons detected.
These statistical considerations determine the length of time required to
attain measurement of a given precision.

6.4 CALIBRATIOR AND ERRORS IN YOLTAGE AND CURRENT MEASUREMENT

If Eq. (7) were absclutely accurate and if the geometry of the equip-
ment were exactly known, then it would be possible to make absolute
density measurements with this technique. This would require accurate
absolute measurements of beam voltage and current. This, of course,
is not the case. Equation (7} can be used to estimate the counting rate
to be expected under given conditions, but one measurement must then be
made on gas at a known density in order to remove the uncertainty in
cross section and geometry. Thereafter, if beam voltage and current
are held constant, the counting rate should be accurately proportional to
gas density. There is then no requirement for absolute accuracy in
measuring voltage and current, but only for repeatability. The current
measurement must be repeatable within the accuracy expected of the
overall density measurement. The error in the voltage measurement
can be only half as large, because cross section is nearly inversely pro-
portional to the square of beam voltage (Eqs. (5} and (7)).
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In order to achieve an accurate beam current measurement, it is
necessary to give careful attention te the arrangement of grounds in
the power supply and electron gun, so that corona and leakage currents
will not be mistaken for beam current. This has been mentioned in
Section 3.6, It would appear to be possible to make an accurate beam
current measurement at the collector, but this has failed mysteriously
in one case (see Section 8. 3). In order to obtain an accurate voltage
measurement, it is necessary to use a stable and reliable multiplier
resistor and to protect it from corona and surface leakage.

It should be remarked in passing that obtaining the one calibration
point may be a formidable task. It is difficult by any means to meas-
ure gas density at low pressures to within 1. 0-percent accuracy.

Ths use of the procedure outlined above requires that the nuclear
composition of the gas remain fixed between the calibration and the
subsequent density measurements. This could present a problem in
some facilities, although a correction might be made for small, knocwn
changes in gas composition.

6.5 PREAMPLIFIER NOISE AND STRAY ELECTRONS

As was mentioned in Section 4. 3, preamplifier noise has two
effects. First, since peaks in the noise voltage are indistinguishable
from pulses from the detector, the noise causes extra counts to be
recorded when no electron has struck the detector. Second, since the
instantaneous value of the noise voltage is added to the height of the
pulse from the detector, the noise causes an error in the measurement
of the energy with which an electron strikes the detector. The first
effect was entirely insignificant in the measurements which were made
in the 18-in, tunnel. Most of the noise peaks occur at low energies,
and the number which occurs at energies in the range of interest (30 kev
or more) is only of the order of one per second. The second effect would
also be insignificant, if all electrons were known to strike the detector
with the same energy. However, stray electrons have less than the beam
energy, and it is desired to use this energy difference to avoid counting
stray electrons. For this reason, the effect of noise on energy discrimina-
tion becomes important. This will be discussed in the next section.

§.6 ERRORS CAUSED BY STRAY ELECTRONS

The most persistent source of error which has been encountered in
this work is that caused by stray electrons. In Section 5.1, it was shown
that under unfavorable conditions these electrons can completely mask
the single scattered electrons and make density measurements impossible.
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The problem of eliminating stray electrons may be attacked from
several angles., The largest, most efficient collector possible can be
used. A black body can be used opposite the detector (Section 5, 1),
an Aquadag coating may be applied to surfaces from which stray electrons
may rebound, and finally, it is possible to eliminate the effect of some
stray electrons even after they have struck the detector. If the energy
difference between the stray and single scattered electr'ons is sufficient,
the stray electrons can be rejected by the spectrum analyzer.

The spectrum of Fig. 28 may be used as an example. The peak at
40 v is very nearly gaussian in shape on the high energy side but de-
viates somewhat on the low energy side. By fitting a parabola to the
high energy side of the peak, the spectral distribution of the single
scattered electrons may be estimated. The spectrum of noise peaks
may of course be measured. By subtracting these two components from
the measured spectrum, an estimate of the spectrum of the stray elec-
trons is obtained. This process was carried out on the'spectrum of
Fig. 28, with the results shown in Fig. 39. The stray electrons appar-
ently arrive with about 30-kev energy.

The spectrum analyzer may be set to reject electrons with less
than a given energy and thus to avoid counting some of the stray elec-
trons. The selection of the baseline energy involves a compromise,
however. As the baseline energy is increased, more and more stray
electrons will be rejected. Eventually, however, an appreciable num-
ber of single scattered electrons will also be rejected. When this
occurs, the counting rates are reduced somewhat, but worse, the cali-
bration factor of the apparatus (counts per second per unit of density)
becomes dependent upon the baseline setting, which is not entirely stable.
The best baseline setting is probably the highest energy for which stabil-
ity is not a problem.

A reduction in preamplifier noise will make the peak at the beam
energy taller and narrower. This will allow an increase in the baseline
energy, which will reduce the number of stray electrons counted. A
modest improvement in preamplifier noise might provide a considerable
improvement in discrimination against stray electrons.

Experience thus far indicates that the problem of stray electrons
can be handled in a spacious environment such as a wind tunnel with an
open jet test section but that it becomes more difficult in cramped
quarters. It remains to be seen whether the problem can be solved at
all when the gas flow is entirely enclosed within walls.
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SECTION VI
COMPROMISE BETWEEN RESOLUTION, ACCURACY, AND MEASURING TIME

In Section VI, the factors which affect spatial resolution, accuracy,
and measuring time were discussed individually. It is evident that
they are interrelated, and that it is not possible to improve resolution,
for instance, without degrading either accuracy or measuring time.
This interrelation is not surprising since both beam spreading (resolu-
tion) and counting rate depend upon the scattering cross section. In
this section, the nature of the compromise will be determined, and a
suggested design procedure will be given. The quantum-mechanical
correction to the scattering cross section (H(3, 8, Z), Eq. (4)) will be
neglected since only approximate results are needed.

7.1 DERIVATION OF THE CONSTRAINING EQUATION

Consider first the case in which a slit collimator is used. We
agsume that beam length, £, collimator distance, D, and detector
diameter, t, are known. The expressions from which the constraint is
derived are as follows: First, the relationship between statistical
accuracy and total number of electrons counted (from Eq. (20))

¢ - o (21)
second, the expression for beam radius, Eq. {12); third, the expres-
sion for counting rate (from Eqgs. (7) and (9), using @ from Eq. (17))

c=Li“Ap(’e) 7 F(B) G(8) 1(“)5;.19 (22)
e A 2 4D

We have expressed statistical accuracy as a dimensionless ratio,
€, and it is convenient to do the same with the two components of
spatial resolution. We define y = r,/£ and 6§ = a/D. Using these de-
finitions, Eqs. (12) and (22) become

7K R (5) Tre s >

We now combine Eqs. (21), (23), and (24) to obtain the equation of con-
straint for a slit collimator

2 o2 2 1T 2 £ 1
_— =16 . e
y o e e K t G(0)sinf (25)
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A similar derivation for a lens collimator yields

yr5 s I kP 1 (26)
e 5y G{8)

Equations (25) and (26) show explicitly the trade-off which is pos-
sible between spatial resolution, accuracy, beam current, and meas-
uring time. There are, of course, limits on the resclution, accuracy,
etc., which can be achieved, regardless of what one is willing to trade.
For instance, measuring time can be reduced by increasing beam cur-
rent. Measuring time cannot be reduced indefinitely, however, because
the counting rate will eventually exceed the capability of the pulse de-
tection equipment. Thereafter, measuring time can only be reduced at
the expense of statistical accuracy. Again, the smallest beam radius
which can be achieved is limited ultimately by the highest voltage which
one is willing to use on the electron gun.

Equations (25) and (26) must be viewed with some skepticism,
since they involve the beam radius as determined by Eq. (12), which
was found to be none too accurate in the voltage range of interest. They
can be used with some confidence, however, to predict the tradeoffs
which can be made with an existing set of equipment. The constant, K,
would then be replaced by an unknown, which could be evaluated ex-
perimentally under a known set of conditions. Equations {25) and (26}
could then be used to predict the effect of changing collimator design
or beam voltage, etc.

These equations indicate that a large improvement in performance
can be achieved by reducing the scattering angle from 90 deg to, say,
45 deg. Such a change causes more than a tenfold increase in cross
section, with only a modest sacrifice in resolution. This change would
presumably not aifect the siray electron counting rate and so would also
offer a tenfold reduction in the effect of the stray electrons.

7.2 DESIGN PROCEDURE

The procedure which must be used to select the equipment dimen-
sions and operating conditions will abviously depend upon the con-
straints which are imposed on the solution. The following procedure
assumes that complete freedom can be exercised in choosing operating
conditions; that is, that one need not be restricted by the characteristics
of any existing piece of equipment.

1. Establish the necessary values of £ and D. Select a collimator
design and tentative values of t (or Sy) and 6.
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2. Select desired values of v, 6, €, and T.

3. Determine the beam voltage which is necessary to achieve the
desired value of 4, by the use of Eq. (12) or Eq. (23}). Equa-
tion (12) is plotted in Fig. 33, for the case of spreading in air.
If this voltage is prohibitive, there is no choice but to relax
the requirement on «.

4. Determine the beam current which is necessary by the use of
Eq. (25) {or Eq. (26))., If this current is prohibitive, it may
still be possible to achieve the desired results by changing 8
ort or by using a different collimator design. If the current
remains prohibitive, there is no choice but to relax the re-
quirements on vy, &§, €, or T.

5. Determine the counting rate which the detection equipment must
handle by the use of Eq. (21).

6. Determine the collimator dimensions by use of Eq. (14).

Adherence to this procedure obviously cannot guarantee the success
of the measurement because no consideration was given to stray elec-
trons or to physical constraints (e. g., on the size of the collector, col-
limator, etc.) or to problems of electrical noise pickup. The procedure
will, however, indicate whether the method is at all promising in the
proposed application.

SECTION Vil
TESTS IN THE LOW DENSITY WIND TUNNEL

Reference has already been made to tests of this method which were
carried out in the low density wind tunnel (Section 5.2). The tests were
performed to determine whether the method, which looked promising
theoretically, would have operational problems which could not be solved
and also to provide a rough check on the accuracy of the measurements.
Considerable difficulty was experienced with the equipment, but nothing
was encountered for which a clear-cut solution was not available. Most
of these difficulties have already been discussed in Section III.

The tunnel and the installation of the measuring equipment have
already been described in Section 5. 2. In these tests, the arc heater
was run at a chamber pressure of 10 atm and a stagnation temperature
of 3800°K. Free-stream Mach number was estimated to be 14. 8 and
static pressure 17 u Hg, based on nonequilibrium flow calculations.
Cold-flow data were taken at a chamber pressure of 2.7 atm, which re-
sulted in the same mass flow as was obtained with the arc heater
operating.
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Several tests were performed with no flow in the tunnel. These
included a number of calibrations made over a period of time, a test
in which beam current was varied while pressure was held constant,
and a test in which density measurements were made with a metal
plate placed near the sensitive volume. Tests were also made with
flow under cold-flow conditions and also with the arc heater operating.
In both cases, density profiles were measured, and electron energy
spectra were obtained under all conditions.

8.1 TESTS WITHOUT FLOW

One of the static calibrations has already been discussed (Section 5.2,
Fig. 29). A group of such calibrations is presented in Fig. 40. These
calibrations were made over a period of about two weeks, and the fact
that they were consistent lends some confidence to the measurements.
Each point plotted in Fig. 40 is the average of five individual measure-
ments. The standard deviation of each group of measurements was calcu-
lated and is plotted in Fig. 41. If only statistical fluctuations contributed

to these deviations, one would expect the deviation to approximate \fE
This seems to be the case for low counting rates, where the statistical
fluctuations are relatively large (percentage-wise), but at higher count-
ing rates the deviations are larger than expected. Actually, the devia-
tion appears to be roughly proportional to counting rate. This probably
indicates that not only statistical fluctuation, but also fluctuation in
current, voltage, and pressure contribute to the deviations.

The difficulty of obtaining an absolute density calibration has been
mentioned in Section 6. 4. This difficulty might be compounded if it were
found that the beam heated the gas during a calibration without flow. A
test was therefore run in which beam current was varied while pressure
was held constant. The results are presented in Fig. 42. These data
tend to indicate that the beam does in fact heat the gas (without flow). They
are not considered to be conclusive, however, because the accuracy of the
current and pressure measurements was not as high as was desired.

It has been shown that current density in the beam falls to a few per-
cent of its maximum value, a few millimeters from the beam axis
(Fig. 30). This information is suifficient to define the sensitive volume
if all scattering is caused by collisions with gas molecules. However, if
a solid object {(e. g., a test model}) is placed near the sensitive volume,
it will scatter an appreciable number of electrons if it is struck by even
a minute fraction of the total beam current. To document this effect, a
metal plate was mounted in the tunnel test section, and apparent gas
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density was measured at varying distances from it. These measure-
ments are shown in Fig. 43. No appreciable effect is noticeable until
the beam axis is within 3 cm of the plate. At a distance of 2 cm, the
effect is not overwhelming, and measured densities might be corrected
for the presence of the plate. These results tend to indicate that the
method would be most useful in an empty test section, and that it would
not be applicable, for instance, for studying shock waves in the vicinity
of a model.

8.2 MEASUREMENT OF DENSITY PROFILES

The ultimate use for which this technique was developed was that
of measuring density profiles in low density wind tunnels. Two such
profiles were measured and are shown in Figs. 44 (cold flow) and 45 {arc
heater operating). The "horned’ profile is often encountered in conical
nozzles with thick boundary layers and is also observed in pitot pres-
sure profiles {Fig. 46). Each point plotted is the average of three indi-
vidual measurements. The standard deviation of each group of measure-
ments was calculated and found to be roughly that expected for the
existing counting rate. It was found that if the apparatus was returned
to a previous position, the measurement could be repeated within
1. 0 percent, the statistical error being somewhat less than this. One
such repeated point ig shown in Fig. 44.

Because the flow in the nozzle is not in equilibrium, the density in
the uniform core is not accurately known. The density during arc-
heated runs was estimated by nonequilibrium flow calculations which
were begun in the reservoir and were continued until the calculated
pitot pressure matched the measured centerline pitot pressure (Fig. 48).
These calculations predicted a density of 7.45 x 1078 gm/em3, which is
10 percent higher than the density which was actually measured (Fig. 45).
No density estimate was attempted under cold-flow conditions because of
complications caused by liquifaction.

There was some question beforehand as to whether a hot-flow profile
could be obtained at all, as it was quite possible that noise pickup from
the arc heater would completely obliterate the extremely Iow level signal
from the detector. Some noise was in fact picked up, but not enough to
affect the measurements seriously. The noise counting rate was about
12 percent of the total counting rate over the uniform core. Since it re-
mained quite constant over the period during which the profile was taken,
the measurements were corrected by merely subtracting the noise count-
ing rate. Although the problem of noise pickup from the arc heater is a
difficult one, it appears that it can be overcome by scrupulous attention
to shielding and grounding.
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8.3 EFFECT OF FLOW ON BEAM CURRENT MEASUREMENT

One completely unexpected phenomenon was observed when these
profiles were made. Up to this time, beam current had been measured
at the collector by connecting a meter between the collector and ground.
This was considered to be more accurate than measuring the current in
the grounded power supply lead, since this latter measurement included
some leakage and corona current. However, as soon as flow was
established, with or without operating the arc heater, the collector cur-
rent dropped drastically and fluctuated between one-third and two-thirds
of the power supply current. The profiles were taken by measuring
power supply current and subtracting the leakage current, which was
small but not negligible. The fact that the density measurements were
repeatable verifies that this was a valid measure of beam current. No
explanation for the drop in collector current is available., It is incon-
ceivable that the stream velocity (3000 m/sec) could have any effect on
the beam electrons, which travel at four-tenths of the speed of light.
The effect must certainly be caused by positive ions formed by the beam,
but to say more than this would be conjecture,

8.4 SPECTRA OF DETECTED ELECTRONS

The energy spectrum which was discussed in Section 6. 6 (Fig. 28)
is representative of most of those which were taken throughout these
tests. They were resolved into single scattered electrons, stray elec-
trons, and preamplifier noise peaks, by the method described in Sec-
tion 6.4, and the results {except on arc heated runs) were quite similar.
The counting rate caused by preamplifier noise peaks was found to be
entirely negligible. During an early run, the valley in the spectrum
occurred at 26 v. During subsequent calibrations and measurements,
this value was arbitrarily used as the baseline voltage. This was a
moderately poor choice and by choosing a higher baseline voltage, say
31 v, one could have rejected almost all of the stray electrons, while
rejecting only 1.7 percent of the single scattered electrons. However,
this choice did not seriously compromise the measurements.

Many of the spectra taken during the calibrations were resolved
into components, and it was found that the number of stray electrons
varied from about 3 percent of the total counted at low densities (10 u)
to about 7 percent at high densities (100 u). The number of stray
electrons is a function of beam spreading and apparently increases
faster than the density in this case. Had the percentage of stray elec-
trons remained constant as density varied, one would be tempted to
say that they caused no error. This is not the case, however, since
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the number of stray electrons is a function of density all along the beam,
not just in the sensitive volume. Regardless of these considerations, it
is safe to say that in this application the error caused by stray electrons
can be made less than 1. 0 percent by properly choosing the baseline
voltage, even without using a black body opposite the detector.

The spectrum of the arc heater noise (Fig. 47) was interesting. It
was obtained by measuring the integral noise spectrum with the arc
heater operating, but with the beam off. The salient feature of this
spectrum is that, in contrast to the case of stray electrons, little re-
duction in arc heater noise counting rate can be achieved by increasing
the baseline voltage. Evidently, the only means available for reducing
this counting rate is to improve shielding so as to reduce the pickup.

SECTION (X
CONCLUS!ONS

It seems well established that the principle of density measure-
ment by radiation scattering can indeed be applied using high-speed
electrons as the probing particle. Moreover, the spatial resolution
and measuring time which can be achieved at low density using elec-
trons are far superior to those available using photons. The Rutherford
theory satisfactorily explains the counting rates which were observed.

The most significant conclusion which can be drawn from the tests
in the low density wind tunnel is that measurements made by this tech-
nique can be repeatable within 1. 0 percent. It was found that the error
caused by stray electrons could, with ease, be made negligible. Noise
pickup from the arc heater was significant but not devasting, and means
for reducing this noise source are probably available. It was found that
valid density measurements could be made within about 2 cm of a metal
object in the flow at a pressure of 11u. This is about one-twentieth of
the test section diameter. Although this figure might be improved scme-
what, it appears that the technique could not be used, for instance, for
studying shock structure near a model.

The most important limitations on the precision of the density meas-
urement are presently imposed by the beam voltage and current measure-
ments, and by the stray electrons in the test section. There seems to be
no reason why the voltage measurement cannot be improved as much as
desired, merely by using more sophisticated instrumentation. This is
probably also the case with the current measurement, although the
curious behavior of the collector current (Section 8. 3) still needs to be
explained. The stray electrons are probably electrons which have
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escaped from the collector. The methods which are available for
eliminating the effects of stray electrons have been discussed, In a
facility with an open jet test section, these effects can be reduced to
insignificance; if the flow is enclosed in a channel, perhaps they
cannot,

Some further development work needs to be done. The Rutherford
theory predicts that a large improvement in performance can be
achieved by using a scattering angle of 45 deg in place of 90 deg. It
also appears that another large improvement can be made by using a
lens collimator in place of a slit collimator. It would be interesting
to make these changes and see if the promise is fulfilled. Further
analytical and experimental work is necessary to explain (or at least
to document) the discrepancy between the predicted and measured beam
spreading. The spatial resolution which is quoted in this report was
determined only indirectly. It would be useful to confirm these values
by direct measurement, if a technique for doing so can be devised.

A direct comparison between the capabilities of this technique and
the fluorescence technique for density measurement (which is already
an established diagnostic method) would be very informative. It
appears that the scattering measurement might hold the advantage in
measuring time and might be applicable at both lower and higher
densities than the fluorescence measurement. The fluorescence meas-
urement may hold some advantage in spatial resolution, since no beam
spreading occurs between the sensitive volume and the detector. More
important, however, the scattering measurement offers the possibility
of being entirely independent of the state of the gas, and this may not
be the case with the fluorescence measurement. This predicted inde-
pendence has of course not yet been confirmed.
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INSTRUCTIONS

TO TRANSFER THE CONDUCTION CURVE FOR A SPECIFIC
ORIFICGE TO THE VOLUME FLOW yS. PRESSURE CHART
(SHEET NO. 1};

{. LOCATE ORIFICE DIAMETER (d) ON DIAGCNAL LINE.

2. SUPERINPOSE THIS POINT WITH POINT "' OF SHEET NO.I.

3. TRACE THE CURVE CORRESPONDING TO THE PROPER fr4 RATIO.
THESE CURVES ARE ASYMPTOTES,AND ARE INACCURATE AT CORNERS. of
THE CURVES ARE BASED ON AIR AT 300°K , AND ASSUME THAT UPSTREAM
PRESSURE (5 MUCH GREATER THAN DOWNSTREAM PRESSURE.

4 TO USE THESE CURVES WITH LARGER DIAMETERS:

MULTIPLY VALUES ON d SCALE @Y 10 lor tDD}, AND SUPERIMPOSE WITH

POINT Ay for Ajpp} OM SHEET NO.I.
}/
/))/)/\9/
3
Q

MOLECULAR FLOW

s

DYNAMIC PUMPING
DESIGN CHART

OATA TAXEN FROM SCHUMACHER
UTIA REPDRT NO. 78

SHEET

b- Orifice Conduction Curves
Fig. 48 Concluded

EFFUSION FLOW
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VOLUME FLOW — LITERS/SEC
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Fig. 4% lllustrative Dynamic Pumping Design Problem
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vV (kv)

10
12
15
18
22

27
33
39
47
56

68

82
100
120
150

180
220
270
330
390

470
560
680
820
1000

COoOO0O0OQO QOO0 O0 OOQOOOC QOOOQOQ

OCcCOoOQoOQ

TABLE |
FUNCTION F (£)

.1954
.2134
.2376
.2591
.2849

.3134
.3436
.3705
.4024
.4341

L4710
. 5082
.5491
L9875
.6352

.6740
.7159

L7570
. 7950

.8243

.8542
.8794
.9038
.9238
.9414

93
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F(R)

660 .
460 .
296.
206.
139.

93.
63.
45.
31.

15.
11,

OO HKN
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(deg)

10
15
20
25

30
35
40
45
S0

35
60
65
70
75

80
85
a0
95
100

105
110
115
120
125

130
135
140
145
150

155
160
165
170
175

180

TABLE [l
FUNCTION G(0)

94

FHHEMEFH FHFEFEFRRN NWEaRO JOFEKFN Wi 1N BN

el

-

.762
733
.445
.100
.997

.229
.223
. 308
.663
.135

.200
. 600
.200
.239
.281

.858
.800
.000
. 384
. 904

.924
.221
.976
.778
.615

.482
.373
.282
.209
.149

.101
.063
035
.015
. 004

.000

G(8)

EE

oW R oM

E

10°
104
103
103
102

102
10°
101
10!
101

101
101
101t
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TABLE il

SCATTERING CROSS SECTIONS
a. Hydrogen, Z = 1

V,kve'deg 15 30 45 60 75 0 105 120 135 150 165 1B0O
10 4,516-20 | 2,915-21 | 6.092-22| 2.079-22 | 9.416-23 | 5.146-23 | 3.231-23| 2.2604-23 | 1.761-23 | 1,452-23 ] 1.305-23 | 1.260-23
12 3.146-20 [ 2,031-21 | 4.276-22 | 1.4=T-22 [ 6+546-23 | 3.574-23 | 2.241-23 | 1.569-23 | 1.205-23 | 1.005-23 [ 9.021-24 | 8.718-24
15 2.025-20 | 1.307-21| 2.722-22 | 9.287-23 | 4.197-23 | 2.288-23 | 1.433-23 | 1.002-23 | 7.684-24 | 6.299-24 | 5.T«7-2¢ | 5.567-24
18 10416-20 | 9o119-22| 1.393-22 | 6.469-23] 2.919-23 | 1.389-23 ] 9,936-24 | ©.937-24 | 5.315-24 | 4.422-26¢ | 3.969-24 ] 3.830-24
22 2©33-21 | £.145-22| 1.,278-22| 5,548-23 | 1.959-22 | 1.064-23 | 6.640-24 | 8.627-24 | 3.539-24 | 2.941-26¢ | 2.637-25 [ 2.546-24
27 6.3P6-21 | 5.113-22| 8.561-23 | 2.901-22 | 1.304-22 | 7.068-2% | 4.399-24 | 3.058-24 | 2.336-24 | 1.936-24 | 1.735-24 | L.oT3~24
33 4.320-21 | 2.760-22| 5,765-23 | 1.953-23 | 8,759-24 | 4.734-24 | 2.938-24 ] 2.036-2% | 1.551-24 | 1.284-2¢] 1.149-2¢ | 1.107-24
39 3,126-21 | 2.009-22 | 4.159-23 | 1.407-23 | 6.292-24 | 3.391-24 | 2.098-24 | L.450-24 | 1,102-24 | 9.102-25 | 8.134-25| 7.838-25
47 2,182-21 | 1.401-22| 2.894-23 | 9.T61-24 | %.352-246 | 2.337-24 | 1.440-25 | 9.919-25 | 7.509-25 | 6.188-25 | 5.520-25 | 5.316-25
56 1.560=21 | 1.000-22 | 2.0%2-23 | ¢,935-24 | 3.081-24 | 1,648-24 | 1.011-24 | 6.935-25 | 5.250-25 | 4.297-25 | 3.826-25 | 3.682-25
€8 1,078-21 | ©.905-23 | 1,420-23 | «.757-24 | 2.103-24 | 1.119-24 | 6,830-25 | #.658-2° | 3.495-25 | 2.860-25 | 2.540-2%5 | 2.442-25
82 7.580-22 | 4.u44-23] 9.930-24 | 3.314-24 | 1.058-24 [ 7.709-25 | 4.676-2% | 3.169-25 | 2.364-25 | 1.925-25 | 1.705-25 | 1.637-25
100 5.236-22 | 3.339-23 | £,820-24 | 2,204=-24 | 9.900-25 | 5.198-25 | 3.128-25 ] 2,103-25 ] 1.557-25 | 1.2560-25 ] 1.111-25 | 1.066-25
120 3,761-22 | 2.381-23 | 4.845-24 | 1.600-24 | 6.951-25 | 3.622=25 | 2.161-25 | 1.440-25 | 1.067-25 | 4.499-26 | 7.459-26 [ 7.142-26
150 2.493-22 | 1.5482-23 | 2.203-24 | 1.051-24 | .523-25| 2.331-25 | 1.374=-25 | 9.040-26 | 6.556-26 | 5.214-26 | 4.543-2¢ | 4.339-26
180 Le797-22 | 1.138-23 | 2.293-24 | 7.676-25 ] 3.192-25 ]| 1.629-25 | 9.494-26 | 6.16B-26 | «.418-25 | 3.477-256 | 3.007-2%5 | 2.864~-26
220 1.260-22 | 7.952-24 | 1.595-24 | 5.162-25 | 2.133-25 | 1.101-25 | 8.323-25 | 4.043-26 | 2.850-24 | 2.210-26 | 1.892-25 | 1.795-2¢
270 A.818-23 | 5.567-24 | 1.107-2% | 3.554-25 | 1.487-25 [ 7.399-26 | ¢.181-26 | 2.624-26 | 1.813-26 | 1.381-26 | 1.166-2¢6 | 1.101-26
330 6.246-23 | 3.917-24 | 7.775-25 | 2.477-25| 1.026-25 | 5.031-26 | 2.794-26 | 1. 717-26 | 1.159-26 ] 3.633-27 | 7.172-27 | 6.730-27
390 4.703-23 | 2.947-24 | 5.815-25 | 1.841-25 | 7.552-26 | 3.661-26 | 2.002-26 | 1,207-26 | 7.969-27 | 5.804-27 | #.738-27 | 4.417-27
470 3.435-23 | 24144-26 | 4.217-25 | 1.326-25 | 5.386-26 | 2.576-26 | 1.383-25 | 8.149-27 | 5.234-27 | 3,701-27 | 2.949-27 | 2.723-27
560 2.5664-23 | 1.5%6-24 | 3.127-25| 9.771-26 | 3.935-26 | 1.858-26 | 9.810-27 | 5.649-27 | 3.525-27 | 2.413-27 | 1.869-27 | 1.705-27
680 1.856-23 | 1.153-24 | 2.250-25 | 6.987-26 | 2.786-26 | 1.299-26 | 6.734-27 | 3.778-27 | 2.277-27 | 1.494-27 | 1.113-27 | 9.989-28
820 1.361-23 | 6.436-25| 1.640-25 | 5.065-26 | 2.005-24 | 9.238-27 | . 706-27 | 2.576-27 | 1.499-27 | 9.392-28 | 6.676-25 | 5.862-28
1000 9,779-24 | 6.053-25 | 1.173-25| 3.605-26 | 1.416=26 | 6.455-27 { 3.234~27 | 1,726-27 | 9.669-2k | 5.740-28 ]| 3.839-2A | 3.270-26
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TABLE Il {(Continved)
b. Helivm, Z = 2

v_kvg'deg 15 30 45 60 75 90 105 120 135 150 165 180
10 1.6C6-1% |l let=-20] 2,425-21 | 8.225-22 |3.771-27 | 2.040-22 |1.293-22 |9.061-22 |&,954-23 | 5.808-23 [5.222-23 |5.041-23
12 1-259-19 [£.133-71 | 1.596=21 | 5.794-22 | 2.622-22 [1.431-22 |B8.9F73=03 | 6.281-23 |%,8.4-23 [4.020-23 [3.613-22 | 3,%67-23
15 B,106-20 |3.232-71 | 1.090-21 | 2.720-22 |1.6R1-27 | 9.102-23 |5.736-23 |4.009-22 |3.075-23 | 2.580-23 | 2.299-23 | 2.21%-23
18 5.659~20 | 5.552-21 | 7.£04-22 | 2.591~22 [1.169-22 | 6,255-23 |3.973-23 |2.777-23 |2.127-23 | 1.753-23 | 1.588-232 | 1.532-23
22 3.816-20 | 2.451=21 | S.119=22 | 1,742-22 | 7.847-23 | 4,263-23 |2.699-23 |1.852-23 |1.416-23 |1.377-23 | 1.055-23 |1.018-23
27 2.557-20 | 464721 | 3.422-22 | 1.162-22 |5.225-23 | 2+531-23 [1.762-23 |1.224-23 [|9.342-24 | 7.743-26 | 6,940-24 | 6.692-24
33 1.730-20 | 1.114-21 | 2.310-22 | 7.F29-23 |3.510-22 | 1.697-23 |1.177-23 | 8.153-2% [5,206-24 | 5.136-2% | 4.395-24 | 4.%29-24
39 142:51-20 [0.0°0-22 | 1.6F1-22 | 5.629-23 |2.522-23 [1.339-23 [B.4086-24 | 5.8068-2% |4,409-24 | 3.0h2-26 | 3,254-26 | 3,135-24
47 £.735-21 [24513-22 [ 14100-22 | 3.914-23 |1.745-23 | 9.2386-24 [5.771-26 | 3.972-24 |2,000-24 | 2.676-26 | 2.20R=24 | 2.126-24
56 Sachb=21 |4.009=27 | A.2:8-23 [ 2.781-23 |1.235-23 | 5,805-2¢ |4.,033-24 [ 2.778-24 |2,0%4-26 | 1.720-2& [1.531-2% [1,473-24
68 ©.319-21 | ¢.708-22 | 5.893-23 | 1.908-23 |B.a36-24 | 4.487-24 | 2.73B-24 | 1.Bb06-26¢ |1.399-24 | 1.145-2% | 1.0.6-26 | 9.7069-25
82 1.036-21 | 1.9472-27 | 3.243-23 | 1.330-23 |5.848-2¢ | 3.092-24 |1.875-24 | 1.270-24 |0.488-25 | 7.705-25 | 6,819-2F | 6,568-25

100 2.097-21 | 1.329-22 | 2.726-23 | 3,088-24 |2,973-24 | 2.086-24 |1.254-24 [8.627-25 |£.235-25 [ 5.064-2" | 4.445-25 | 4.262-25
120 Te439=21 | 7. 50h=¢7 | 1.906-23 | 6.625-2% |2.791-24 [ 1.454-26 |B.0869-25 | 5.772-27 |#.235-25 | 3.602-25 [ 2.954-25 [ 2.857-25
150 9.988-22 |6.345-23 | 1,2:5-23 | 4,219-24 |1.d16-24 | 9.360-25 | 5.514-25 | 3.425-25 | 2.626-25 | 2.087-2¢ | 1.818-2% [ 1.736-25
180 T.202-22 |%.%54-2% [ 9.209-24 | 3.002-24 |1.233-2¢ | 6.564-25 | 3,811-29 | 2.474=25 | 1.770-2: | 1.392-25 | 1.,203-2% | 1.146-25
220 5.030-22 | 34191-23 | 6.%07-26 | 2.075-24 [8.774-25 |4.423-25 [2.539-25 | 1.622-25 | 1.142-25 | 8.849~26 | 7.570-25 | 7.182-28
270 30534-22 | £.227-23 | 4.447-24 | 1.429-24 |5.990-2% | 2.974-2% [ 1.650-25 | 1.053-25 |7.269-26 | 5.929-24 | 4.8666-24 | 4,405-28
330 2.804-22 §1.573-23 | 3,125-26 | 9.962-25 |4,125-25 | 2.026-25 | 1.123-25 | 6.B96-26 [&,620-20 | 3.450-26 | 2.670-2¢ | 2.692-24
390 1.033=22 | i.191-23 | 2.337-24 | 7.404-27 |3.039-2% [1.473-25 | B.049-26 [4.848-26 [3.198-25 | 2.320-26 | 1.896-24 | 1, 767-25
470 1.317-22 |oeon9-24 | 1e0n=24% | 5.335-25 |2.158-2% |1.037-25 |5.56%-2% | 3.276-24 |2.101-26 | 1.4B3-26 | 1.1R0-26 | 1.069-26
560 1.028-22 |oo4ll-24 | 1.2%9-24 | 2.933-25 |1.5A%-25 | 7,4086-26 | 3,949-26 | 2.272-26 | 1.516-26 | 9.473-27 | 7.4061-27 | 6.822-27
680 7.6606-23 | 6.832-2¢ | 9,0 1-2, | 2.813-2¢ | 1.123-23 | 5.235-26 | 2.712-25 | 1.521~-26 | 9.152-27 ] 5.995-27 | 4. %57-27 | 3.996-27
820 3.4%5-23 |2.239-24 | 6.339-23 | 2.040-25 [8.078-25 |3.723-26 | 1.896-26 | 1.037-26 | 6.027-27 | 3.769-27 | 2.574=-27 | 2.345-27
1000 3.921-23 | 2.472-26 | 4, 720-25 | 1.%52-25 [ 5.700-2¢6 | 2.603-26 | 1.304-26 | 6.957-27 | 3.892-27 ] 2.3506-27 | 1.538-27 | 1.308-27
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TABLE {ll (Continued)

c. Carbon, Z = 6
- kve'deg 15 30 45 60 75 90 105 120 135 150 185 180
[
10 1.629-18 |1,054-19 [ 2,201-20 [ 7.526-21 [3.408-21 |1.581-21 [1.167-21 |3.172-22 [6.27¢-22 |5.231-22 | ©.700-22 | 4.537-22
12 16136-13 |T7.36T7-20 | La34=20 [ 3.,240-21 }[2.371-21 |1.293-21 |R.103=22 [5.666=-22 [4.306T~22 |3.,621-22 |3.252-22 |3.139-22
15 T.312-19 |«.723-20 | %.9#3-21 | 3.360-21 [1.521-21 |8.294-22 |5.131-22 |3.618-22 |2.772-22 |2.306-22 |2.070-22 |1.997-22
18 5.107-19 |3,302-20 | %.3492-21 [2.344-21 [1.059-21 |5.757-22 [3.595-22 |2.506-22 |1.918-22 |1.594-22 |1.429-22 |1.379-22
22 3,445-19 |2.226-20 | e.036-21 |1.578-21 [7.108-27 [3.853-22 |2.404-22 |l.672-22 |1.277-2z |1.060-22 |9.497-23 |9.1:9-23
27 2.303-1% |1.591-20 | 2.101-21 [1.054-21 |4.736-22 |2.364-22 [1.594-22 |1.106-22 |6.427-23 |6.980-23 |6.248-23 |6.023-23
33 1.562-19 11.098-20 | 2.394=-¢1 |7.103-22 }3.134-22 |1.719-22 |1.065-22 J7.307-23 |£.599-22 |4.628-23 |4.127-22 |3.9686-23
39 1.121-19 |7.2945-21 | 1.513-21 |3.120-22 |2.239=22 |1.232=-2Z¢ [7.611=23 [5.230-23 [3.979-23 |3.282-23 |2.930~23 |2.822-23
47 T.895-20 [5.088-21 [ 1.033-21 |3.266-22 |1.385=-27 |3.499-23 |5.229-23 [3.593=-23 |2,7]13-24 |2.232-23 [1.988-23 |1.914-23
56 S.561-20 [3,933-21 | T.513-22 |2.529-22 |1.123-22 |5.9373-23 |3.674-23 [2.513-23 |1.891-23 f1.5%0-23 |1.378-22 {1.326-23
68 3.9C6-20 [2.312-21 |5.178-22 |1.737-22 |7.677-2% [4.079-25 [2.434-23 [1.690-23 [1.254-25 |1.032-25 |9.150-2% |8.792-24
82 2.747-2) [1.766-21 | 3.926-22 |1.211-22 |5.328-23 [2.614-23 [1.703-23 |1.150-23 [£.555-24 |6.949-2¢ |6.140-24 |5.893-24
100 1.893-20 |1.,217-21 | 2,493-22 |8,290-23 [3,624~23 |1.900-23 |1.,140-25 I7.841-2% |5,638-26¢ |&.550-25 |¢.003-2¢ | 3.836-24
120 1.357-22 |3453-22 | 127322 |5.B0T-23 |2.548-27 |1.326-23 |7.839=-24 |5.239-24 [3.832-24 |3.070-246 |2.6R8-24 |[2.571-2%
150 9.049~21 [2.773-22 | 1.174-¢2 |3.039-23 |1.661-23 |3.551-26 |5.026-24 [3.294-26 |2.278-2¢ |1.884-26 |1.637-26 |1.562-2¢
180 A4.724=21 [%.177-22 |8.417-23 |2.750-23 |1.175-22 [3.736-24 [3.478-24 [2.251-2¢ [1.605-25 |1.257-24 |1.034-2¢ [1.031-24
220 6.579-21 [2.900-22 |[~.592-¢5 [1.902-27 |R.047-24 |e.033-24 [|2.321-2¢ [1.678-26 [1.036-2¢ [7.997-25 |6.821-25 |6.463-25
270 31.205-21 [co031=22 |4.u73-23 |1.312-23 [5.649e-24 |2.730-24 [1.539-24 |9.613-25 [6.605-27 |5.000-25 |4.205-2% |3.984-25
330 2.272-21 fl.=35-27 |2.475-22 |9,153-2¢ |3.776-26 |l.oh1-26 [1.931-24 |6.305-25 |e.251-27 |3.131-25 [2.587-2¢ |2.423-25
390 1o711-21 JL.079=-22 [ 2.145-2% |5.6814=~24 12,300-24 |1.357=24 |7.400-25 |&.441=23 |2.914~25 |2.107-25 |1.710-2% [|1.590-25
470 1.251-21 |7.-70-27 |1.5°7-23 |+.915-24 [2.001-2% [9.547-25 |5.126-25 |3.007-25 [1.919-25 |1.246-25 |1.005-25 |9.802-26
560 Fe328=-22 .ot 5-23 |1elTu-23 |3.827-26 |l,o046=24 |D.916-25 [3.643-22 [2.090-25 |1,293-25 |d.T7B3~26 |6.T722=-2¢ |6.159-26
680 6. 742-22 |4 230=05 | H.225-26 |2.597-24 |1.03%9-24 |4.847=-25 §12.503-2¢ |1.402-27 |B.392-26 |5.457-22 |4.025-25 |3.596~26
820 ©.937-22 |:.192-23 [£.073-25 |1.s04=26 {7,482-25 [3,652-28 |1.757-25 |9.587-25 |5.542-2¢ [3.439-26 |2.417-25 [2.110-26
1000 3.564-27 |2.227-20 [wo3a7-¢0 |10343-24 [5,293-235 J2.416-25 [1.211-25 |6.466-26 |3.539-25 |2.109-26 [1.392-26 J1.177-26
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TABLE 111 (Continued)
d. Nitrogen, Z - 7

e, g 15 30 45 60 75 90 105 120 135 150 165 180
1
10 2.218-18 l.a36-19] 2.999=-20| 1.026=20] 4.6%4=-21] 2.536-21 1.590-21 L1o113=2]1 ) Ba5a8=-22] T4121-22] 6.3%8-2¢] B 1T6-22
12 1.547-18 loO0]=19] 2.090-20 Tol=l-21 3.221-21 1.782-21 1.104-21 TeT1T=22 | 5.919-22] 4.929-22] 4.4256-22| 4.2712-22
15 9.958-19 | £.443-20] 1.364-20| 5.58E-21]| 2.073=-21 14129-21 ]| 7.039-22 | %.927=22 | 3.714=-22 | 2.139-22| 2.817-22]| 2.718-22
18 635819 | 4.399-20] v.33l-71 3,198-21 l.443-21 T.0606-22 | &.698-22 3.4le=-2212.611-22] 2.169-22 1.945-22 1.B77-22
22 4.692-19 1,034-20] 5.319~-21 2.152-21 9,690-27| 5.258=-22 3.276-22 | 2.278-22 1.739-22 latgs-22 1.293-22 1.247-22
27 3.145-19 2.032=-20| «.224-21 1.437=-21 £.656=-22] 3.676-22 2.172=22 L.507=-22 l.148=22| 9.203-23| B.504-23| B.198-23
a3 ?-l?a-lq 1.375«20] 2.8B58-21 ?.686;;;, G,342=22 | 2.364=-22 l.651-22 1.004-22 Teb26=-23]| 4.201-23 5.621-23| S5.%25-23
39 1.240-12 | 9.62=-21]| 2.04%3-21 Seun~22 3.122=-22 l1.080-22 1.038-22| 7ulo6=-23]5,420-23| 4.469-23| 2.988-22 1. 860-23
47 1.075-19 3.937-21 le237-21 S R32-22 2.162-22 lal59=-22¢ T.129-23| 4.E96-2) 3.6956-23 3.039-23| 2.7T08-22 2.60%-21
b6 Te£95=-20 «o@58=-01 | 1.020=-21 J.=51-22 1.533-22] B.133-23 | 5.010-23| 3.426-23 | 2.5Te-23] 2.111-23 1.876-25] 1l.806-23
68 5.326-20 3ab2B-21 T.084=27 2e371=-22 1.068-22] 54585-23| 3,388-23 2.303-23 1.722-23 1.403-23 le266-23 1.197-23
82 3.744-20 2ath=21] 4.929-22 1.656-22 T.276=-22 3.840-23 2.323-23 1.568-23 Lol65-23]| Q.463-24 8.329-24} B.0O21-24%
100 ?.598-20 l.4560~21 Yone-02 1.132-22 4.969-2231 2,594=23 _1-556-23 1.062-23 TobBI-2i4 | 6.190-24]| 5.449-24 5422124
120 1.E50-20 1.18%-21 2.421-22 3.015=-23 3.4601-21 l.811-25 1.077=23 Tolas=24] 5.223-24] 4.181-24 b 9=2% 3.4699-246
150 1.234-20 1.5983-22 lobUa-22 5.273-23 2.270-22 1o153=23 | 6.882-24 | 4.494-24 | 3,.2462-24 WE5T7-26) 2.2£9-24] 2.124-24
180 8.90C-2! 5.476=22 l.1%0=-2¢2 3. 799-21 l.a06-21 B.131-2% | &,731-2¢) 3.072-24 2o lBB=24 LeTY3-24 touTb-24 1.403+24
220 ba2ab=21 3.972-22)] 8.012-2% | 2.£01-221 1.100-22 S.541=24 3,172-24| 2.018-24 l.2l1-2¢4 1.090-24| 9.255-2° B.797-25
270 &.372-21 277622 54324=-23 l1.794-21 7.515=-24 3.735-2¢ 2.103-24 1.313-264 )| 9.011-25 b.E14=-25 E. 72627 5.396~25
330 1.099=-21 l.961-22 3.913-253 1.?5:-2}ﬁ SalP5=24] 2,%47-24_ le10=20] A,616=2% 5.7T7E-2% 4.267=-25) 3.5:3-2"* 1.298-25
390 2.334-21 led740-22] 2.923-23] 3.32%-24 3.813-24 1.B57-26 ) 1.012-24 ] £.07T1=25 ] 2,979=-25] 2.RT3-25] 2.329-25] 2.164-25
470 1.7C6=21 1.075~-22f 2.130-72> | 0.T2B-24 2:740-24 1.310-2¢4 T.0168=25]| 4.112-2% 2.621-25% 1.635-25 l.430-2% 1.334-25
560 1.274=21 de.12-23 1e5342=-23 | 4,966=-24 2.005=24 ] 9.475=-2% 4,3%92-25 ] 2.5960-25 L. 770-2% 1.199-25% 9,197-2¢ B8.356-26
680 9,227-22 %.793-21 1.199=23 56~ 24 Lib2e=24 ) H,.042=-2% 3.6437-25 1.920-25 1-1458-25 Te468-26] S.4B6~28 ] &.895-20
B20 b6.784-22 | 4.260-22] R.312-24 | 2.582-24 1.026=-246 | 6.733-2% 2.409-25 1.313-25| 7.583-2b6]| %.,696=-26] 3.293-26] 2.873-26
1000 5.8A3-22 3.06e-22 5.770-2& l.8eD-24 T2V T7-25 3.314-26 l.600-25 B.AB36=-26 ] 4.914-26] 2.BB2-26 1.897-2% l.602-26
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TABLE Ill {Continued)

e. Oxygen, Z = 8
g,deg
v, k% 15 3o 15 60 75 20 105 120 135 150 165 180
10 2.699-1% | 1.577-19 | v.322-20| 1.341-20 | ».072-21 | 3.515-21 | 2,078-21 [1.456=-21 ] $.116-21 | 9.3¢c2-22 | 6.356-22 | 8.066-22
12 2.021~1% | 1.509~1% [ 2.723-20 | 9.339-21 | 4.224-21 | 2.304-21 [ 1-443-21 | 1.009-21 | 7.734-22 | 6.439-22 [ £.7e2-22 | 5.560-22
15 1.301-13 | 6.=24=-20 | 1.77E-20| 6.001-21 | 2.711-21 | 1.476-21 | 9.228-22 | 6.450-22 | 4.932-22 | 4.101-22 | 5.650-22 | 3.550-22
18 9.051-1% | =u#53-20| 1.227-20 | «.154-21 | 1.837-21 [ 1.026-21 | 6.404-22 | 4.462-22 | 3.412-22 | 2.824-22 | 2.541-22 | 2.431-22
22 5.133-17 | 2.9¢7-20 | 5.267=71 | 2.£15-21 | 1.2568-21 | 6.878-22 | 4.283-22 | 2.978-22 | 2.272-22 | 1.885-22 | 1.689-22 | 1.628-22
27 6.000-19 | Z.633-20 | 5.552-21 | 1.%60-21 | B.669-22 | 4.573-22 | 2.820-22 | 1.969-22 | 1.500-22 | 1.242-22 [ 1.111-22 | 1.071-22
33 2.7e2-19 | 1.795-20 | 2.737-21 | 1.268-21 | 5.482-22 | 3,066-22 [1,898-22 | 1.312-27 | 9.956-23 | 3,232-23 | 7.335-25 | 7.086-23
39 2.014=17 | [.501-20 | 2,700-21 | 9,142-22 | ¢.087-27 | 2.199-22 | 1.357-22 | 9,35%-2% | 7.084-24 | 5.839-23 | 5,209-22 | 5.016-23
47 1.4C6=17 | 9.077-21 | l.581-21 | 2.352-22 ) 2.830-22 | 1.517-22 | 9.327-22 | 6.402-22 | 4.831-23 | 3.970-22 | 2,325-22 | 3.402-23
56 1.0C6-19 | 6.428-21 | 1.362-21 | 4.519-22 | 2.007-22 | 1.071-22 [ 6.550-23 [ 4.480-23 | S.367-23 | 2.728-23 | z.451-22 | 2.356-23
68 6.962-20 | 4.t34-21 | 9.272-72 | 3.105-22 | 1.372-27 | 7.287-23 | 4.434-22 | 3.013-23 | 2.252-22 | 1.836-23 | 1.627-22 | 1.503-23
82 4,5949-20 | 3.150-21 | 6.422-22 | 2.167-22 | 9.529-23 | 5.029-23 | 2.040-23 | 2.052-23 | 1.524-23 | 1.237-23 | 1.092-23 | 1.048-23
100 3.335-20 | 217421 ] 6.479-22 | 1.486-72 | 6.485-27 | 3.398-23 | 2.037-25 | 1.263-23 | 1.00%-25] 8.098-24 | 7.118-2« | &,820-24
120 2.6420-20 | 1.532-21] 3.173-22 | 1.051-22 | 4,563-2% ] 2,3753-23 | 1.410-23 | 9.352-24 | 6,331-24 | S.ab4-24 | £.T50-2% | 4.571-2%
150 1.614-20 | 1.033-21 2.102-22 | 6.914-23 | 2,977-23 | 1.531-23 | 8.991-24 | 5.943-24 [ 6.241-24 | 3,355-26 2.912-2¢ | 2.777-24
180 1.1886-20 | 7.435-22 ] 1.502-22 | .930-23 | 2.106-23 | 1.073-23 | 6.226-2~ | . 025-24 | 2.B.3-2& [ 2.239-24 | 1.9249-2¢ | 1.333-24
220 BolT71=21 | 5,205=22 | 1.0:21-22 | 53.412-23 [ 1.444-22 | 7.269-26 | 6,159-24 | 2.5408-24 ] 1.850-24 | 1.425-26 | 1.212-2¢ | 1.149-24
270 5.722-21 | 3.635-22 | 7.308-23 | 2.355-23 | 9.8k6-24 | 4.501-24 [ 2.759-24 | 1.721-26 | 1.130-24 | 8.911-25 | T.4£1-2% | 7.048-25
330 4 056-21 | £.571-22] 5.140-23 ] 1.645-22 | 5,822-24 | 3.3464-24 | 1.850-2% ] 1.130-24 | 7.564-25 | 5.282~25 | «.603-2~ | 4,307-25
390 3.055-21 | 1.933-22| 2,350-25 | 1.225-25 | 5.036-24 | 2.440-2% | 1.329-2% | 7.963-25 | £, 21325 | 3,759-2% | 2,043-25 | 2.827-25
470 2.233-21 | 1.210-22 | 2.796-23 | 8.836-24 | 3.800-24 | 1.722-24 [ 9.218-25 | 5.397-25 | 3.435-25 | 2,402-25 | 1.995-2% | 1.743-25
560 1.667-21 | 1.051-22 | 2.076-22 | 6.32%-24 | 2.636-24 | 1.2456-24 | 6.560-25 | 3.755-25 | 2.322-25 | 1.270-25 | 1.202-2¢ | 1.091-25
680 1.208-21 259722 | 1.4%0-23 | 6,674~-24 | 1,B72-26 | 3.736=-25 | 4,519-25| 2.922-25 | 1.506-25| 9,755-26| 7.170-2¢ | 6.393~-26&
820 B.ef6-22 | 5.361-23 | 1.092-23 [ 3.396-26 | 1.349-24 | 6.220-25 | 3.169-25 [ 1.727-25 | 9.9357-20 | 5.134-26| #.306-2¢ | 3,752-28
1000 6.367-22 | 3,992-22 | 7.315-24 | .619-24 [ 9.527-25 | 4.361-25 | 2.165-25 | 1.162-25 | €.457-20 | 3.779-26) 2.491-25 ] 2,093-2¢6
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TABLE Il {Continued)
f. Neon, Z = 10

e,deg

v, kv 15 30 45 60 75 90 105 120 135 150 165 180
10 4.536-1¢ 12,238-19 | 6,140-20] 2.1u0-20 | 9.506-21 | 5.190-21 | 3.222-21 |2.275=21 | 1. Te5=21 ] 1.454-21] 1.306-21 | 1.260-21
12 3.142-15 [ 2.083-19 [ 4.276-20 | 1.%63-20 | t.6l16=21 [ 3.608~21 | 2.25E-21 |1.574-21|1.209-21 ] 1.000-21] 9.03c-22 [ B.7LB-22
15 2.026=12 | 1.317-19 | 2.7 4=20 ] 9.402=21 [ 4.267=21 | 2.312-21 {1.445=21 | 1.006-21 |7.712-2¢ | 6.410-22 | 5.7 0-22 | 5.547-22
18 1.622=13 | 9.213=20 | 1.92=20 ) 6_556=-21 | 2.977-21 | 1.607-21 |1.003-21 |&.982-22 |c.335-22 | «.220-22 | z.971-22 | 3.830-22
22 2,357=19 | 6.214=20 ] 1.295=20 | a.13=-21 | 1.987-21 | 1.078=21 | 5.707-22 [&.800-22 | 3.553-22 | 2.947-22 | 72.43%9-22 | 2-544-22
27 6.6323=19 | 4.1A042=20] 2.573-21 | 2.949-21 | 1.325-21 | 7.167-22 | 4.669-27 | 5,033-22 | 2.34t-22 ]| 1.941-22 | 1.736-27 | 1.0673-22
33 6€,387-13 | 2.314-20 | ©,952-21 | 1.939-21 | 5,913-22 | 4.507-22 | 2.975-2¢2 | 2.055=-22 | 1.539=-22 | 1.287-22 ] 1.169=22 ] 1.2107-22
39 3.133-19 [ 2.959-20 [ 2.276-71 | 1.435-21 [ 6.412-22 | 3.4408-22 [2.127-22 | 1.405-22 |[1.108-22 [ 9.129-22 | 6.140-22 | T.B828-23
47 2.202-19 | 1.42:=-20| 2.932~21 | 9e972-22 | 444%3-22 | 2,330-2¢ | 1.402-22 | 1.003-22 | 7.529-23 | 6.2n3-23 ] 5.525-23 | 5.216-23
56 1.576~19 | i.0ba=20 ]| 2.107-21 | 7.096-22 | 3.151-22 | 1.631-22 | 1.028-22 | 7T.019-23 [ 2.209-23 | #.312-23 | 3.330-23 | 3.682-23
68 L.0%0=19 | 7.9:5-21 ] 1.453=21 | 4, 829=-22 | 2.176=-22 | l.144=22 | 5.956-23 | 4.T721-23 | 3.525-223 | 2.872-23 | 2.543-23 | 2.442-23
82 T7.6£71=-20 | 4.743=21 | 1.013-21 | 2.406-22 | 1.498-22 | 7.901-23 |4.772-23 | 3.217-23 | 2.386-23 | 1.934-23 | 1.707-22 | 1.637-23

100 5.502~20 | 3,413-21] 7,010-22 2326-22 1 1.020-22 | 5.3%1-23 [ 3.199-25 | 2,138-23 | 1,576=-23 ]| 1,267=-23 ] 1.113-22 | 1.086-23
120 3.763~20 | 2.437-21 | 4.990-22 | 1.8653-22 [ 7-180-23 | 3.731-23 [2.216-23 | 1.457-25 | 1.070-23 | 8.°49-24 | 1.571-26 | T.142-2%
150 20530-23 | 1.622-21 | 3,309-22 | 1.009-22 | 4,6R8=-23 | 2.410-23 | 1.6416=-23 [9.236-24 | 6.648-24 | 5.290-24 ] ».5.2-2¢ | 5.339-24
180 1,626-20 | Le189-21 | 2.376-22 | 7.758-23 [ 3.319-27 | 1.590-23 | 9.796-24 | 6.219-246 | 4.4679-24 | 3.50+-24 | 3.013-2¢ | 2.Bb%-2¢
220 1.291-20 | 80135-22 1 11675=22 | 54380-23 | 2,277-23 | 1,106-23 |6.5%B~24 | 4,155=-24 | 2,902-24 | 2.231-24 | 1.997-2¢ | 1.795~24
270 B.97e=21 | 5.720-22 § Lo1®1-22 | 3.715-23 | 1.557-23 | 1.733-2¢ | ¢.348-24 | 2.707=24 | 1.852-2¢ | 1.396-24 | 1.170=24 | 1.101-24
330 6.563-2] | «.0%6-22 | 5.105-22 | 2.597-23 | 1.078-223 | 5.280~24 | 2.918-24 | 1.779-24 | 1.168-2¢ | 8.747-25 | 7.199-2% ] 6.150-25
390 4,79--21 | 2.042-22 | 4.072-25 [1.934-23 | 7.959-24 | 3.A55-24 | 2.099-24 | 1.255-24 | 8.196-25 | 5.895-25 | 4.7-9-25 | #o4l7-25
470 3.505-21 | 2.220-22 | 2u%13=23 | 1.397-23 | S.5946=-24 | 2.723-24 | 1.457-26 | 8.515-25 | $.403-25 | 3.766-23 | 2.955-22 | 2.723-25
560 2.617~21 | 1.655-22 | 3.278-23 | 1.032-23 | 6.171-24 | 1.,971-26 [ 1.038-26 | 5.931-2% [ 3.657-25 | 2.464-25 | 1.861-2% | 1.705-25
680 1.896-21 | 1.197-22 | 2.322-22 | 1.393-24 | 2.9%4-26 | 1.384-24 | 7.1%4=25 | 3.9848-25 | 2.373-25 | 1.533-25 | 1.122-2% | 9.989-25
820 14390~21 | B.781-23 | 1,7264-22 | 5.370-24 | 24137-2¢ [ 9,869-25 | 5,021-25 | 2.733-25 | 1.572-25 | 9.¢80-26 | 6.743-25 | 5.802-25
1000 9.997-22 | 6.291-22 | 1.235-22 [ 3.829-24 | 1.513-24 | 6.917-25 | 3.455-25 | 1.842-25 | 1.021-25 ]| 5.951-26 | 3.888-2¢ | 3.270-28
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TABLE 11l {Continued)
g. Argon, Z = 18

it 15 30 45 60 75 90 105 120 135 150 163 180
10 1.475-17 |9.533-19 | 2.006-19 | 6.565-20 | 3.107-20 | 1.694-20 | 1.060-20 | 7.402-21 |5.670-21 | 4.716-21 | 4=252-21 | 4-083-21_
12 1.029-17 |8.537-19 | 1.399-19 | #.786-20 | 2.164-20 | 1. 178-20 | 7.364-21 |5.155-21 |3.929-21 [ 3.265-21 | 2.926-21 | 2.925-21
15 6.0629-13 | «-309-19% | 9.014-20 | 3.079-20 11.390-20 | 7.559-21 |[4.715-21 {3.282-21 |2.507-21 |2.080-2]1 | {.8¢4-21 | 1.797-21
18 4.633-12 [3.012-19 [ 6.298-20 | 2.150-20 | 9.892-21 [5.200-21 |3.275-21 [2.275-21 [1.735-21 |1.438-21 | 1.287-21 |1.261-21
22 3.1256-13 [ 2.033-19 | «.270-20 | 1.448-20 [6.519-21 |3.530-21 |2.193-2]1 |1.820-21 [l.156-21 -563-22 | B.554-27 | B.243-22
27 2.068-13 [1.3h6-19 | 2.846-20 | W.0692-21 | 4.352-21 |2.351-21 |1.456-21 |1.006-21 |7.634-22 | 6.302-22 | 5.6c7-22 | 5.421-22
33 [ 1.621-15 |9.740-20 | 1.927-20 | 6.547-21 [2.932-21 |1.579-21 |9.743-22 |6.710-22 |5.076-22 | 4.180-22 | 3.726-22 |3.587-22
39 [.020-15 | 6.692-20 | 1.304-20 | 4.728-21 [2.112-21 | 1.134-21 |6.976=22 [4.787-22 |3.610-22 | 2.95-22 | 2.639-22 [ 2.539-22
47 7.194-19 [4.678-20 [ 9.731-21 | 3.292-21 | 1.456-21 [7.838-22 |4.800-22 |3.280-22 |2.46¢-22 | 2.017-22 | 1.791-22 |1.722-22
56 5.151-19 |3.347-20 | 6.955-21 | 2.366-21 | 1.041-2] | 5.564-22 |3.379-22 |2.298-22 [1.719-22 | 1.402-227 [ 1.242-22 |1.193-22
68 56717 |2,317-20 | «.805-21 | 1.616-21 | 7.138-22 13.180-22 | 2.290-22 |1.548-22 |1.151-22 | 9.338-23 | §.267-22 | 7.913-23
82 Z.511-19 | 1463020 | 3.373-21 | 1.130-21 | 4,956-22 |2.615-22 |1.574-22 [1.056-22 |7.796-23 [ 6.292-~23 | 5.535-23 | 5.304-23
100 1.738-19 |1.127-20 | 2.520-21 | 7.760-22 [3.391-22 |1.772-22 |1.057-22 | 7.031-23 |5.146-23 [«.123-23 | 3.609-22 [3.652-23

120 1,2646-19 | 8.,059-21 | l.639-21 [5.509-22 | 2.392-22 |[1.241-22 | 7.337-23 [4.,833-23 [23.506-23 | 2.7B4-2) | 2.424~23 [2.314-23
150 9.305-20 |5.374-21 | 1.102-21 | 3.637-22 [ 1.567-22 | 8.037-23 |«.694-23 [3.049-23 |2.180-23 [1.711-23 | 1.477-23 | 1.406-22
180 5.958-20 [3.876-21 | 7.922-22 |2.601-22 [1.112-22 [5.649-23 [3.261-23 [2.091-23 [1.475-23 | 1.143-23 |9.762-26 [9.2560-24
220 4.213-20 |2.719-21 | 5,535-22 | 1.806-22 | 7.450-23 |3.862-23 |2.186-23 | 1.379-23 |9.554-26 | 7.286-24 | 6,139-24 |5.817-24
270 2.952-20 | 1,903-21 | 3.858-22 | 1.250-22 [5.266-23 |2.602-25 |1.457-23 | 9.011-2a [6.112-24 | 4.566-24 | 3.300-24 |3.568-26
330 2.095-20 11.3686-2]1 | 2.771-22 [B8.760~23 | 3.641-23 |1.732-23 |9.812-24 [5.942-24 |]3.933-24 | 2.867-24 | 2.340-26 |2.1861-24
390 .£30-20 [1.015-21 | 2.042-22 | 6.537-23 | 2.696-23 [1.305-23 |7.0768-24 [4.205-24 |2.721-24 | 1.935-24 [ 1.56B-2% | L.431-24
470 1o158-20 |7.410-22 | 1.456-22 |4.730-23 |1.934-23 |9.246-24 [4.931-24 |2.864-24 |1.801-2¢ |1.240-24 | 9.621-25 [8.822-25
560 B.533-21 |5.529-22 | 1.105-22 |3.500-23 [1.620-23 [6.713-24 [3.524-24 |2.003-26 |1.223-24 |B.132-25 [ b.129-25 |5.525-25
680 6.258-21 |%.003-22 | 7.976-23 |2.513-23 |1.011-23 |4.726-2¢ |2.439-24 |1.352-24 [7.978-25 [5.077-25 | 3.662-25 |3.236-25
820 6,390-21 | 2.932-22 | 5.828-23 |1.828-23 |7.304-24 |3.379-26 [1.T718-24 |9.307-25 |5.305-25 [3.,219-25 | 2.204-25% |1.6899-25
1000 3.3C¢=-21 [2.107-22 | 4.17B~23 | 1.305-23 |5.182-24 |2,3T4-24 | 1.189=-24 | 6.298-25 }3,453-25 [1.989-25 | 1.274-25 | 1.059-25
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TABLE HI {Concluded)
h. Air, Z = 7.3105

v, kv 15 30 45 60 75 90 105 120 135 150 165 180
10 2.620-18 11.567-19 ] 3.273-20 | 1,119-20 | 5.,068-21 [ 2.767-21 [1.735-21 [1.216-21 |9.322-22 | 7.767-22 | 6.978-22 | 6.735-22
12 1.668-13 | 1.092-19 | 2.2R1=20 [ 7.794-21 | 3.526-21 | 1.923-21 [1.204-21 [8.415-22 [6.457-22 [5.376-22 [ 4.828-22 [4.659-22
15 1.066-13 | 7.031-20 [ 1.4667-20 | 5.008-21 | 2.262-21 |1,232-21 |7.703-22 | 5.3786-22 [4.117-22 | 3.424-22 | 3.073-22 | 2.965-22
18 T.589-19 | 6.910-20 | 1.0254-20 | 3.491-21 | 1.575-21 | B.564-22 |5.345-22 | 3.725-22 |2.845-22 | 2.368-22 | 2.122-22 {2.067-22
22 5.120-19 | 3.311-20 | 6.898-21 | 2.34%9-21 | 1.058-21 | 5.739-22 |3.575-22 |2.486-22 |1.897-22 | 1.574-22 | 1.410-22 | 1.380-22
27 3.431-19 | 2.218-20 | 4.616-21 | 1.569-21 | 7.050-22 | 3.816-22 |2.370-22 | 1.646-22 |1.252-22 | 1.037-22 | 9.276-23 | 8.941-23
33 2.322-19 ] 1.500-20 | 3.116-21 ] 1.058-21 {4.741-22 | 2.558-22 |1.586-22 | 1.095-22 |8.320-23 | 6.873-23 | £.142-23 15.917-23
39 1.601-17 [1.045-20 | 2.273-21 | 7.626-22 | 3.409-22 | 1.835-22 [1.133-22 [T.807-23 |5.913-23 | %,875-23 | 4,350-22 [ 4.189-23
47 lal74-19 | 7.573-21 | 1.569-21 | 5.299-22 | 2.351-22 [ 1.266-22 | 7.782-23 | 5.363-23 |4.,032-23 |3.315-23 | 2.952-23 | 2.8¢41-23
56 8.396-20 [5.413-21 | 1,119=-21 | 3.770-22 | 1.674=-22 | 8.936-23 |5.470-23 |3.739-23 |2.810~-23 | 2.302-23 | 2.068-23 | 1.958-23
68 S.810-20 {3.741-21 | 7.717-22 | 2.590-22 | 1.145-22 | 6.078-23 | 3,699-23 | 2,514-23 |1.879-23 | 1.533-23 }11.3%9-23 | 1.305-23
a2 4,0B8-20 | 2,627-21 | 5.400=-22 | 1,807-22 | T.946-23 |4,195-23 | 2.536-23 [ 1.712-23 | 1.,272-23 [ 1.032-23 | 9,117-24 | 8.748-24

100 2.825-20 11.813-21 | 3.719-22 [ 1.237-22 |5.407-22 |2.834-23 ]1.699-23 | 1,136-23 18.385-2% | 6.760-24 | 5.9%4-26 | 5.696-24
120 2.020-20 | 1.a296=21 | 2.646-22 | 3.759-23 | 3.804-22 | 1.978-23 [1.176-23 [ 7.802-24 | 5.701-24 | 4.562-264 | 3.991-24 | 3.817-24
150 1,367-20 | 8.611-22 | 1.753-22 | 5.763-23 | 2.481-23 | 1.277-23 |7,698-24 | 4,908-24 | 3,539-24 | 2.801-24 | 2.431-26 | 2.319-2¢
180 9.T17-21 [ 6.201-22 | 1.257-22 [«.109-23 [ 1.755-23 [R.943-26 [5.191-24 | 3.355-24 | 2.389-24 | L.B869-2% | 1.609-24 | 1.531-24
220 6.B18-21 |4.340-22 | B.T73R=-23 | 2.8464-23 |1.203-23 |6,058-26 | 3,687-26 | 2.205-24 [1.563-24 | 1.189-24 | 1.013-24 | 9.595-25
270 4e174=-21 [3.032-22 [ 6.028-23 [1.982-23 [8.220-26 [ 6.084-24 | 2.300-2% | 1.435-24 [ 9.841-25 | 7.437-25| 6.246-25 | 5.885-25
330 3.384-21 | 2.143-22 1 4.2t%-23 | 1.371-23 | 5,883=-24 |2.7886-26 | 1.561-26 | 9.617-25 | 6.308-25 | 4.658-25 | 3.843-25 | 3.597-25
390 2.549-21 [ 1.611-22 | 3,208-23 [1.020-23 [4.194-2% [2.032-24 [1.107~24 [6.637-25 [4,36T=25 | 3.134-25 | Z.540-2% | 2.360-25
470 1.863-21 | 1.175-22 | 2.330-23 | 7.362-24 [2.998-24 | 1.434=24 | 7,878-25 [ 4,498-25 | 2.064-25 | 2.004-2% | 1.5R2-25 | 1.455-25
560 1.391-21 [ 8.758-23 [ 1.720-23 | 5.435-24 | 2.195-264 | 1.037-24 |5.463-25 | 3.129-25 | 1.935-25 [ L.309-25| 1.003-25 | 9.114-26
680 1.008-21 | 6.333-23 [ 1.246-23 |3.892-24 |1.558-24 | 7.273-25 |3.763-25 | 2.101-25 | 1.255-25 | 8.136-26 | 5.965-25 | 5.338-26
820 T 387-22 [ =.635-23 [ 9,093-26 | 2.828-246 [1.123-24 |5.183-25 [2.638-25 | 1.638-25 | 8.295-26 [ 5.131-26 | 3.5%94-25 | 3.133-26
1000 5.311-22 | 3.328-23 | 6.510-24 | 2.014-26 | 7.967-25 |3.630-25 | 1.819-25 | 9.675-26 | 5.378-26 | 3.150-26 | 2.071-25 | 1.748-26
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APPENDIX Il
DESIGN OF DYNAMIC PUMPING SYSTEMS
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The problem in designing a pumping system such as that shown in
Fig. 10 is to predict the pressure in the gun volume as a function of
the pressure in the test cell. The orifice dimensions and the charac-
teristics of the pumps are known. In the usual case, the pressure
ratio across each orifice is so high that the downstream pressure has
an insignificant effect on the flow through the orifice. The flow is then
a function only of the upstream pressure.

The ratio between the mass flow and the upstream pressure de-
pends upon the mechanism. controlling the flow, and three regimes may
be distinguished. At high densities, the orifice behaves as a choked
nozzle, and the mass flow is proportional to upstream pressure. There
is a small effect on the flow caused by the'length of the orifice, because
of the boundary layer which builds up on the orifice walls. At lower
densities, the boundary layer becomes thicker and eventually merges,
and the flow becomes laminar. Mass flow is then proportional to the
square of the upstream pressure. At still lower densities, collisions
between molecules become infrequent, and the mass flow is governed by
the probability that a molecule will enter the orifice in the correct
direction to pass through. The mass flow in the molecular flow regime
is again proportional to the upstream pressure.

The design becomes simpler if it is assumed that the gas flows at
constant temperature. Since only modest accuracy is required of the
soluticon, this assumption is often justified. In many cases the gas up-
stream of the orifice is at room temperature. Inthe molecular flow
regime (and perhaps also in the laminar flow regime) the gas tempera-
ture may be taken as the temperature of the orifice walls, which are
usually at room temperature. The design procedure presented here
assumes that the gas temperature remains at 300°K, Schumacher
(Ref. 22) discusses corrections to be applied if significantly different
conditions are encountered.

If the gas temperature remains constant, the mass flow is propor-
tional to the volume flow past a point and to the pressure at that point,
and mass flow may then be measured in units of pressure times volume
flow (e. g., torr - liters per second). The state of the gas at any point
in the system may be plotted on full logarithmic paper, with pressure
on the abcissa and volume flow on the ordinate (Fig. 48a). As the gas
expands through an orifice, the state of the gas will shift along a line
with a slope of -1.
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The volume flow through a pump is a function only of the inlet
pressure, so the characteristic of a pump may be specified by a single
curve {the "conduction curve') on the volume flow versus pressure
chart. The same is true of an orifice of given dimensions. Although
the conduction curve of a pump may be obtained from the manufacturer's
literature, no such convenient source is available for orifice conduction
curves,

The conduction curve of an orifice (volume flow versus pressure)
may be approximated by three straight line asymptotes, one for each of
the flow regimes. In the choked flow and molecular flow regimes, the
asymptotes are lines of constant volume flow (slope of zero). In the
laminar flow regime, volume flow is proportional to pressure (slope of
+1). A graphical construction is described in Ref. 22 which allows one
point on each asymptote to be determined, for any given orifice.

An alternative method of obtaining the orifice conduction curve is
to use an overlay such as that shown in Fig. 48b. It can be shown that
for a given £/d ratio, volume flow is proportional to d2 in the choked
flow and molecular flow regimes, and to d3 in the laminar flow regime.
As a result, the conduction curves of all orifices of the same £/d ratio
are geometrically similar. It is then possible to draw a family of con-
duction curves on an overlay, one curve for each £/d ratio. The curves
can be used with orifices of any diameter by properly positioning the
overlay on the volume flow versus pressure chart. Figures 48a and b
present the same data which is available in Ref. 22, but in a more con-
venient form. In particular, the effect upon the entire curve of a change
in orifice length or diameter is immediately apparent., Instructions for
positioning the overlay are given in Fig. 48b. Figures 48a and b cover
a large range of diameters and can be used to determine the conductance
of large pipes and hoses, as well as small orifices.

The complete solution of a two-stage pumping problem is shown in
Fig. 49. The system consists of two identical orifices 0. 016-in.
diameter by 0. 060 in. long. The volume between the orifices is pumped
by a 5-c¢fm mechanical pump, and the volume behind the downstream
orifice is pumped by a 60-£/sec diffusion pump. The solution for an inlet
pressure of 50 torr is shown. The mass flow through the first orifice is
determined by the intersection of the orifice conduction curve with the
50 torr line. This entire mass flow enters the mechanical pump (the
mass flow through the second orifice being negligible), and thus deter-
mines the pressure between the orifices (0. 3 torr). The pressure behind
the second orifice is determined by an identical construction to be
2 x 1079 torr. The procedure may easily be repeated for a number of
inlet pressures.
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Several errors are inherent in this simplified procedure. The
error caused by the assumption of constant temperature flow has been
mentioned. There will also be an error caused by the use of the asymp-
totic curve if the construction intersects the curve near a corner. The
actual curve is rounded at the corners as is shown by the dashed curve
in Fig. 40. There may also be an error if the jet from the first orifice
impinges upon the second orifice with an appreciable total pressure.
Each of these errors is discussed in Ref. 22,
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