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CHAPTER I
INTRODUCTION

The hydrogen atom with one electron and proton is
the simplest of all atomic systems. It has therefore been
the most important atom used ih the development of atomic
quantum theory. -The first atomic quantum theory by Niels
Bohr was successful in allowing the calculation of the
discrete energy levels of atomic hydrogen which had been
okbserved by spectroscopists. Several later refinements of
the quantum theory, such as the Lamb shift, were first
applied to the hydrogen atom and compared with the observed
spectrum.

Due to the simplicity of the hydrogen atom, pro-
perties such as its electron excitation cross sections can
readily be calculated. Such calculations are~generally
accepted as valid above incident electroh energies of 30-50
times the threshold energy for the eﬁcitation of a state.
Experimental measurements of these cross sections are desir-
able in order to provide accurate values at low energies and
to check for systematic errors in the calculated cross sec-

tions at high energies.
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While the hydrogen atom is the simplest atom to
treat by theoreticians, experimental measurements on it are
difficult due to the tendency for hydrogen atoms to form
diatomic molecules. Hydrogen in equilibrium at room tempera-
ture is nearly completely molecular. Although hydrogen
molecules can readily be dissociated in the laboratory, the
"lifetime" of the resulting atoms at low pressure is limited
by surface recombination. Spectroscopists can escape this
problem by producing excited hydrogen atoms by hydrogen molecule-
electron collisions in a glow discharge. An atomic hydrogen
population need not be created. However, in order to obtain
a relatively pure atomic hydrogen spectrum, the material of
the walls of the discharge tube must be selected and treated
in order to obtain a low probability of recombination. The
glow discharge can then dissociate essentially 100% of the
hydrogen molecules.

In the measurements of the electron excitation cross
sections of atomic hydrogen it is necessary to separate the
source of hydrogen atoms and the exciting electron beam in
order to prevent their interaction. Hydrogen atoms must
therefore be transferred from their source to the electron
beam before they recombine. The difficulty in accomplishing
this has led most workers in the field of electron excitation

cross section measurement to defer work on the hydrogen atom.
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The excitation cross sections of atomic hydrogen can
be readily applied to astrophysics since hydrogen is the
most abundant element in the Universe and it generally occurs
in its atomic state. For example, from observations of the
H, line from the Sun, information on the Sun's atomic hydro-
gen density and electron density and temperature can be

obtained by using the atomic hydrogen excitation cross sections.

Previous Work

The first measurements of atomic hydrogen excitation
cross sections were made by Ornstein and Lindemanl. They
flowed hydrogen atoms from a Wood's discharge tube source to
an electron beam through a glass tube. The metal parts of
the electron gun were shielded by a glass plate in order to
hinder the recombination of hydrogen atoms. In this way they
obtained 7-10 p of atom rich hydrogen in the electron beam.
By photographing the spectrum from the electron beam, they

obtained the relative Ha' H and HY optical excitation

B’
functions.

The general method used by Ornstein and Lindeman
in transferring hydrogen atoms from the dissociation source
to the electron beam can be called the "containment" method.
This method relies on a low probability for hydrogen atoms

impinging on the container wall to recombine. Since all

surfaces satisfying this requirement are also electrical
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nonconductors, charging of these surfaces and distortion of
the electron beam energy is to be expected. The alternative
to the containment method is the atomic beam method. Although
the densities obtainable in an atomic beam are relatively
small due to the physical limit on pumping speed, the material
surrounding the electron gun can be entirely metallic, allow-
ing proper operation of the electron beam.

Lamb and Retherford2 developed an atomic hydrogen
beam from a tungsten oven source. They crossed this beam
with an electron beam and measured the energy splitting

between the 281/2 and 2P states, which is now called the

1/2
Lamb shift, by means of radio frequency quenching of the

28 state. Using a tungsten oven source of hydrogen atoms

1/2
Fite and Brackmann3 developed a crossed electron-atomic
hydrogen beam system capable of measuring electron-hydrogen
atom collision processes. The accuracies of their measure-
ments were significantly increased by modulating their atomic
beam with a chopping wheel. 1In this way the signals from
electron~-atomic beam collisions and electron-molecular
background collisions could be. separated.

Fite and Brackmann3

measured the Lyman o intensity
from their crossed electron-atomic beams in order to obtain
the 2P optical excitation cross section of atomic hydrogen.

Since the density of hydrogen atoms in their electron beam
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could not be determined, their measurement could not be
absolute. It was therefore normalized at high energy to the
Born approximation. All of the measurements of the excitation
cross sections of atomic hydrogen following those of Fite and

Brackmann3

employed the crossed electron-atomic beam tech-
nique. All of these measurements, previous to this work,
employed tungsten oven sources of hydrogen .atoms. Measure-~
ments of the 2P excitation cross section were made by:
Fite, Stebbings, and Brackmanﬁ4; Chamberlain, Smith, and
HeddleS; Long, Cox, and Smith6; and Williams, Curley, and
McGowan7.

Lichten and Schultz8 measured the excitation cross
section of the metastable 2S state of atomic hydrogen using
the electron ejection technique for the detection of meta-
stable atoms. They calculated the hydrogen atom density in
the electron beam from their furnace temperature and pres-
sure and from the geometrical factors of their apparatus.
They used the published efficiency of their metastable atom
detector to determine the absolute number of metastable
atoms produced. In this way they obtained an absolute 2S
excitation cross section which was within 30% of the theoret-
ical cross section near onset. The work of Lichten and

Schultz8 represents the only absolute excitation cross sec-

tion measurement on atomic hydrogen prior to this work. A
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relative measurement of the 25 excitation cross section was
made by Stebbings, Fite, Hummer, and Brackmann9 by quenching
the 2S states in an electric field downbeam from the electron
beam. The Lyman o radiation from the quenched 2S states was
detected and the ratio of the 25 to 2P excitation cross sec-
tions was measured.

Kleinpoppen and KraisslO measured the optical exci-
tation cross section and the polarization of the n = 3 state

of atomic hydrogen by observation of the Ha line.

This Work

The abundance of the published measurements of the
cross sections of the 2S and 2P states of atomic hydrogen
does not encourage one to construct an apparatus to remeasure
these cross sections. A further deterrent is the great
amount cf design, fabrication, and assembly required in the
construction of such an apparatus as described by Long
et al.

In order to measure excitation cross sections for
higher n states than those previously reported, a greater
density of hydrogen atoms in the electron beam is required
to offset the decreasing cross sections with increasing n.

Therefore, in this work a new design of a crossed electron-

atomic hydrogen beam apparatus was developed which yielded
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an atomic hydrogen density in the electron beam which was
greater than those obtained in the previous works by a fac-
tor of approximately 105. A Wood's discharge tube source

of hydrogen atoms was developed in this work and used with
the crossed beam apparatus. Measurements of the Balmer
optical excitation cross sections were made for n = 3-13.

The high degree of dissociation obtained in the electron beam

allowed the absolute measurements of these cross sections by

a technique developed in this work.



CHAPTER II

PROCEDURE OF THE EXPERIMENT

Definitions of Electron Excitation Cross Sections

The cross section for the production of an excited
electronic state of an atom or molecule due to a collision
with an incident electron will be referred to here as the
excitation cross section. Such cross sections can be
measured by passing a monoenergetic electron beam through
a low pressure gas of atoms and molecules. By observ-
ing the radiative decay of the resulting excited atomic
or molecular states their optical excitation cross sections
can be obtained. The term state is used here to refer to
a group of quantum states which cannot be optically
resolved. Observation of the i to j atomic or molecular
transition yields the optical excitation cross section of

state 1, Qij’ as

R,

= 1]
%; = m7e *
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where Rij is the rate of photon emission per unit volume

at a given point in the electron beam due to
the i to j transition,

J is the electron beam current density at the same
point in the electron beam,

N is the density of atoms or molecules at the same
point in the electron beam, and

e 1s the charge of an electron.

Eq. (1) can be altered by integrating over the plane per-
pendicular to the direction of motion of the electrons,

plane A, as

04 JA N(J/e)dA = JA R, ;dA. (2)

Perfosrning the indicated integration we obtain

P..
Qs = == o (3)
J N 1/6
where Pij is the rate of photon emission per unit length

of the electron beam at a given point due to

the i to j transition,
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I is the electron beam current at the same point
in the electron beam crossing plane A, and
N* is the average value of N weighted by J/I over

the plane A. (Note that if N is constant we

*
have the simple relation N = N.)

The optical excitation cross section as given by Eq. (3) is

a function of directly measurable quantities.

It should be noted that the optical excitation cross

section, Qij’ represents only the cross section for excita-

tions to the i state which subsequently radiatively decay by

the 1 to j transition. The branching ratio of the i to j

transition, Bij’ is defined as

Big = IAyy/Biyr (4)
where Aij is the Einstein transition probability from

state i to state j.

The sum in Eq. (4) is over all lower states connected to
state i by radiative decay. The apparent excitation cross
!

section of state i, Qi , can be obtained from the optical

excitation cross section as
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The apparent. excitation cross section of state i
includes excitations to state i by several modes. These
include direct excitation from the ground state to state i,
direct excitation from the ground state to upper states and

subsequent cascade into state i, excitation to states which

are very close to the energy level of state 1 and subsequent

transfer of excitation to state i due to collisions with

ground state atoms (or conversely the transfer of excitation

from state i), and ionization of the atom by electron impact

and subsequent recombination to state i. The apparent exci-

tation .cross section can be written as a sum of these com-

ponents as
Q. =Q.7 + Q.  + Q.7 +Q.7, (6)

where. QiD is the component due to direct excitation of
state i and is called the level excitation
cross section,
Qic is the component due to cascade from upper
directly excited states,
QiT is' the component due to transfer of excita-
tion, and

QiR is the component due to recombination.
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In order to experimentally separate these components, use can
be made of their functional dependencies on electron beam
current and gas density. QiD and QiC are independent of beam
current and gas density, QiT is directly proportional to gas
density and independent of electron beam current, and QiR is
directly proportional to the electron beam current and inde-
pendent of gas density. By reducing the electron beam current
and gas density sufficiently it is possible to eliminate
essentially the recombination and transfer components leav-
ing only the direct excitation and cascade components. This
work was carried out under these conditions. Indeed, the
low gas densities obtained in the atomic beam in this work
prohibited the observation of the transfer of excitation.

It should be noted that optical, apparent, and level
excitation cross sections have been defined for incident
electrons of a particular energy. Indeed, the cross sec-
tions are strongly dependent on incident electron energy.
This functional dependence is called the electron excitation
function.

Measurements of excitation cross sections are made
under conditions where not more than 1% of the beam electrons
suffer inelastic collisions. We therefore require that

*
Ax N ZQiD < .01, where Ax is the length of the electron beam

1
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and the sum is over all level excitation cross sections
QiD including the ionization cross section to the continuum.
If this condition is not met, electrons are obtained in the
beam of less energy than the monoenergetic value. The
resulting mixture of energies would lead to incorrect exci-

tation cross sections.

Measurements with the Crossed Beam System

The crossed electron and atomic hydrogen beam sys-
tem used for the measurement of the excitation cross sections
of atomic hydrogen is shown in Figs. 1 and 2. The details
of construction and operation are given in Chapter III. The:
source of hydrogen atoms was a glow discharge of the R. W.
Woodll type. Hydrogen{molecules were admitted to the dis-
charge by a needle valve, dissociated, and emitted from a
nozzle which formed an atomic beam which was crossed with
an electron beam.

Eg. (3) shows that in order to obtain the optical
excitation cross section of state i we must know Pij' I,
and N*. The first two of these can be absolutely measured
in a straightforward manner discussed later in this chapter.
In the case of an atomic beam, however, considerable inac-

* *
curacy arises in the absolute measurement of N . N can

readily and accurately be held constant, enabling the measure-
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ments of excitation functions and the ratios of the exci-
tation cross sections of the same atom or molecule where
N* cancels. A review of previous atomic beam excitation

experiments ~ '

revealed that these two types of measure-
ments were generally all that had been accomplished for
atomic hydrogen or any other atomic or molecular species,
although Lichten and Schultz8 calculated the atomic hydro-

gen density in their atomic beam in order to obtain the

absolute 2S5 excitation cross section.

Relation of Atomic and Molecular Hydrogen Densities

in the Electron Beam

In the present work the absolute measurement of

*
N was circumvented in the following manner. Let us con-

sider atoms or molecules of two different species desig-
nated "A" and "B". The ratio of their optical excitation

cross sections as defined by Eq. (3) is given by

iy  Faiy Ve ls (7
o) = % . )
Blm PBlm N a IA

Eq. (7) shows that the measurement of the ratio N*B/N*A is
necessary to obtain the absolute value of QAij' In this

work it was possible to measure the ratio of atomic to molecu-
lar hydrogen densities in the electron beam with an estimated

20% accuracy in the manner described below.
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The condition of constant mass flux through any
plane cross section of the flow system with the Wood's tube
on or off was readily obtained by holding the setting of the
needle valve supplying the Wood's tube constant. Let us
consider a unit area at some point T in the electron beam
shown in Fig. 3. Here v is the velocity of an atom or
molecule in the atomic beam and 6 and ¢ give the direction
of motion. Let the normal to this unit area be parallel to

the drift direction of the atomic beam. It will become

x/é/f\J

Figure 3. Coordinates for Mass Flux
in the Electron Beam.
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evident that the precise alignment of this normal will have
no effect on the following analysis. The mass flux per unit

area, (1), at point T in the electron beam due to hydro-

FHzB
gen molecules emitted directly from the nozzle when the Wood's

tube is off is given by

o T /2
FHzB(T) = InH2 NHZB(T) GHZB(V, 6, ¢, T)V3X
0 ¢ 0 (8a)
X sin 6 cos 06 d6 d¢ dv,
where Gy gV, 8, ¢, 1) is the velocity and direction

2
distribution function at point T of hydrogen

molecules emitted directly from the nozzle
with the Wood's tube off,

Ny B(T) is the density of hydrogen molecules at
2
point T due to direct emission from the nozzle

with the Wood's tube off, and

My is the mass of a hydrogen molecule.
2
]

The mass f£lux per unit area, F (1), at point T due to

H2B

hydrogen molecules emitted directly from the nozzle when

the Wood's tube is on 1is given by
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o 2T /2

' ' ' 3
F (1) = m, N (t) G v, 6, 3, 1)vx
H2B f H2 H2B HZB
0 (8b)
X sin 6 cos 6 d6 d¢ dv,
where G H Bﬁf, 8, ¢, 1) 1is the velocity and direction
2

distribution function at point t of hydrogen
molecules emitted directly from the nozzle
with the Wood's tube on, and

N}ithd is the density of hydrogen molecules at

point T due to direct emission from the nozzle

with the Wood's tube on.

The mass flux per unit area, FHB (1) , at point 1 due to hydro-
gen atoms emitted directly from the nozzle with the Wood's

tube on is given by

% i /2
= 3
FHB(T) = f mH NHB(T) GHB (Vr 8, ¢, ) vx
0 0 0 (8¢c)
X 8in 6 cos 6 46 d¢ dv,

where Gyp v, 6, ¢, 1) is the velocity and direction dis-
tribution. function at point t of hydrogen
atoms emitted directly from the nozzle with

the Wood's tube on,
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N.p (0 is the density of hydrogen atoms at point
T due to direct emission from the nozzle with
the Wood's tube on, and

is the mass of a hydrogen atom.
M

The velocity distribution of a gas passing through
an orifice has been found to be Maxwellian for large Knudsen
numbers (the ratio of the mean free path to the orifice radius) .
Wise and Wood]'2 have measured the interdiffusion
of

coefficient, , of H through H

Yo, 2
30 x 107° mm Hg to be 4.70 x 10* cmz/sec at 293°K. The rela-

5 for a pressure of H

tion between the diffusion coefficient and the mean free path,

A, is given by Cobinel3 as

AT
D ==, 9)
where v is the average atomic or molecular velocity (in

the case of a binary mixture v, A, and D

refer to the species which is diffusing) .

Using 2.5 x lO5 cm/sec for §ﬁ at 300°K14 we obtain a value

of .565 cm for A. Since the mean free path is inversely

proportional to the pressure, at ten microns of H, the mean

2
free path of H is 1.69 cm. For the one centimeter diameter

orifice of the nozzle used in this experiment a Knudsen number
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of 3.38 is obtained. From Cobine15 we find that the mean
free path of H, through itself is 18.3 x 1078 cm at N.T.P.
At ten microns pressure the mean free path becomes 1.39 cm
and results in a Knudsen number of 2.78 for the one centi-
meter orifice. The close agreement in the Knudsen numbers
for H through H, and H2 through itself can be understood
from the work of Vanderslice gg_gl:lG in which the cross
sections for high temperature H-H, H—H2, andfiédiz colli~-
sions.were calculated. They noted that the interaction
energy between two free H atoms is approximately twice that
between two H atoms of which either one or both is a part
of a larger molecule. We therefore conclude that the Knudsen
number for atomic hydrogen through itself for the one centi-
meter orifice is approximately equal to those for H through

H, and H, through itself at the same pressure.

2

The upper limit on the pressure at the orifice with
the Wood's tube off in the experiment was ten microns of
hydrogen molecules. If the mass flow rate is held constant
and the hydrogen molecules are completely converted to atoms,
the pressure at the orifice will increase by a factor of V2.
This condition would result in a Knudsen number for H through
itself of approximately 2.0. At these Knudsen numbers

17

Scott et al. have measured the velocity distribution of

argon and xenon passing through an orifice to be approximately
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Maxwellian. They found that for Knudsen numbers below three,
departures from the Maxwellian velocity distribution began.
Their work suggested that collisions in the vicinity of the
orifice resulted in preferential depletion of low-velocity
particles with particle replacement occurring at higher
velocities. The trends of the average velocity with Knudsen
number were shown to be the same for argon and xenon, result-
ing in only second order deviations in the ratio of their
average velocities at the same Knudsen number from the
Maxwellian case. The results of Scott et al. were similar
to those obtained by Marcus and McFee18 with potassium.

Since the Wood's tube becomes warm when it runs, we
must determine whether the hydrogen atoms and molecules reach
thermal equilibrium with the walls of the nozzle, shown in
Fig. 1, before they effuse into the electron beam. The
accomodation coefficient, o, of & surface for an impinging

gas particle is defined by Hartnett19 as

e -—-e

a = -é—L_-e-—I;-—; (10)
g w
where eg is the energy of a gas particle incident on
the wall,

e, is the energy of the wall, and
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e. is the energy of the gas particle reflected

from the wall.

The deviation from thermal equilibrium of gas particles

leaving the nozzle in this experiment is given as

where

AE = AE_ (L -a) n (11)

AEO is the average energy difference between the
gas particles and the wall upon entry to
the nozzle,

AE is the average energy difference between the
gas particles and the wall upon exit from
the nozzle, and

n is the average number of wall collisions per gas

particle in passing through the nozzle.

In this experiment AEO was estimated to be 3/2 k 50°K.

Keesom and Schmidt20 have measured the accommodation coeffi-

cient for glass to be 0.67 for helium with the surface covered

by a layer of helium and 0.70 for neon with the surface

covered by a layer of neon. The average number of wall colli-

sions per gas particle passing through the nozzle in this

experiment was calculated to be greater than 300. Using the
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values of 0.70 for a® and 300 for n we find that AE equals

l57). Thus thermal equilibrium with the walls of

(AE_ 10~
the nozzle was obtained.
Applying the velocity distribution measurements by

Scott 53_33.17 on argon andﬁgenon and by Marcus and McFeel8
on potassium to atomic and molecular hydrogen at the same
Knudsen numbers, we conclude that close approximations to
the Maxwellian velocity distribution for hydrogen atoms

and molecules emitted from the nozzle were obtained in this
work. Since only the ratios of the average velocities are
used here, the velocity distributions will be treated as
Maxwellian. We also conclude that the temperature of these
distributions was that of the nozzle which was at room

temperature. The Maxwellian velocity distribution function

for a gas is given by Dushman21 as

£() = — |- 2 vze—mvz/(sz).
/T \2k T

(12)
It is possible to separate the velocity distribu-
tion functions from the direction of motion distribution

functions in Egs. (8a), (8b), and (8c) as

Here the assumption is made that atomic and molecular
hydrogen has the same accommodation coefficient on glass as
neon. This is justified by observing from the table given by
Hartnettl? that o is strongly a function of the surface and
not the gas species.
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fH B(v)

2

v, 8, ¢, 1) = g (el ¢, T)
P im v2 HpB
(13a)
£ B(w
1 2 1
G v, 8, ¢, 1) = ———s— g ©, ¢, ©
B g w2 HpB
(13b)
W)
GHB v, 6, ¢, 1) = EIZ_BTgHB ©, ¢, 1
™ Vv
(13c¢)

where gHzB(e, o, 1), g'HzB(e' ¢, 1), and g, @, ¢, 7) are
the distribution functions for the direction of motion at
point 7 of hydrogen molecules with the Wood's tube off,
hydrogen molecules with the Wood's tube on, and hydrogen
atoms with the wood's tube on, respectively, emitted
directly from the nozzle.

Since the Knudsen number of the orifice in this
experiment was at least 2, gas-wall collisions were much
more important than gas-gas collisions in determining the
distribution functions for the direction of motion of gas
particles emitted directly from the nozzle. It should be
noted that the small effect of gas-gas collisions on these
distribution functions should have been quite similar for

atomic and molecular hydrogen due to their mean free paths
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being approximately equal. Therefore, in order to compare
gHzB(G, b, 1), g'HZB ©®, ¢, 1, and gy ®, ¢, 1), detailed
information on the nature of the gas-wall collisions is
needed. The assumption was made by Knudsen22 that any sur-
face, no matter how macroscopically smooth, is molecularly
rough. This results in the reflection of gas partiéles in
a direction which is totally independent of the direction of
incidence. The wide use and success of this concept in
calculating the conductance of tubes in the regime of molecu-
lar flow is shown by Dushman23. However, recent interest
in the passage of vehicles through the low density regime
constituting the upper atmosphere has stimulated detailed
experimental and theoretical studies on the reflection of
gas particles from solid surfaces. As a result, numerous
molecular beam experiment524_30 have demonstrated specular,
or mirror like, reflection from surfaces. In the review
by Stickney3l further experimental work as well as theoreti-
cal work is presented. Eeder32 reviews the gquantum mechanical
work on gas scattering (specular and diffuse) from the surface
of crystals.

As a result of the specular reflection properties
measured for various surfaces referred tb above, the spacing

of the irregularities of these surfaces projected onto the

plane perpendicular to the direction of incidence must be
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smaller than the de Proglie wavelength of the incident gas
particle524 (which is [1.59//M]£ for room temperature par-
ticles where M is the gram molecular weight of the gas).

The use of electron microscopes allows resolution
by the replication technique of ~5 i. Datz et gl.zs failed
in making carbon replicas of a platinum surface due to the
extreme surface smoothness. Naves and Sella33 discovered
granular structure in fractured glass on the order of
50 gf*BOO g by the method of carbon, platinum, and irridium
replication, but found no structure in polished glass. 1In
a reflection type measurement performed at the University of
Oklahoma Electron Microscope Laboratory on Corning 7740
Pyrex tubing we found no structure using a resolution of
300 i.

In spite of the unanticipated extreme smoothness of
many surfaces, random or diffuse reflection properties have
been found to occur by several investigators. Stalder et gl.34
in a Knudsen flow wind tunnel experiment found that the
measured drag on an iron cylinder at room temperature was
given by the diffuse reflection model within experimental

35,36

error. Davis, Levenson, and Milleron measured the con-

ductances of CO2 and xenon through various tube geometriesl

1The materials of these tubes were not specified,
although they were probably some machinable metal. They
were referred to as "commerc¢ial materials" in the articles.
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at room temperature and found these to agree within the 10%
probable experimental error with conductances calculated by
the Monte Carlo method based on diffuse reflection of gas
particles. Smith and Fite26 found by the molecular beam
method that diffuse scattering occurred for A and H2 from
a Ni surface at room temperature while highly specular
reflection occurred at 600°C. Datz et gl.zs found by the
molecular beam method that diffuse scattering occurred for
He and D2 from a Pt surface at room temperature while
highly specular scattering occurred at 1100°C. The explana-
tion for diffuse scattering given by Datz was the adsorption
of the incident gas particles, long residence times in the
adsorbed state, and diffuse evaporation. The rate of evapor-
ation of adsorbed gas particles increases and the average
residence time decreases with increasing surface temperature.
Since the diffuseness of evaporated gas particles increases
with increasing residence time, the diffuseness should
decrease with increasing surface temperature.

Zwanzig37 has given a simple model for surface
adsorption such that impinging gas particles suffering
inelastic collisions are adsorbed or reflected depending on
whether their resultant kinetic energy is less than or greater
than the surface potential energy well. Zwanzig's model for

gas particle-lattice interaction is based on a one-~dimensional



29

lattice with nearest neighbor interaction. The gas particle-
lattice potential function is taken to be the same as that
for two lattice atoms. The lattice atoms are taken to be
initially at rest. Zwanzig found by classical methods that
impinging gas particles are adsorbed or reflected depending
on whether their incident kinetic energies are less than or
greater than a critical energy Kc. Kc is of the order of
m3D where D is the depth of the potential well and m is
the mass ratio (gas particle mass/surface atom mass).

The heat of adsorption of He on Pt is between 0.1

and 0.2 kcal/mol and that of D, is between 1.5 and 2.0

2
kcal/mol. BEased on Zwanzig's adsorption theory, specular
reflection should occur at gas temperatures above 0.1°K.
However, Datz found that specular reflection did not occur
at room temperature for either gas. A contaminant with a
heat of adsorption of 26 kcal/mol could form on the surface
at room temperature, however, and increase the adsorption

probability of He and D, sufficiently to produce diffuse

2
reflection. Indeed, Datz observed this phenomenon by lower-
ing the temperature of Pt to room temperature from an ele-
vated temperature. He observed the transition from specular
to diffuse reflection as a function of time. This rate was
the same whether the D, beam was run continuously or intermit-
tently, ruling out the possibility of an adsorbed layer of D2
explaining the transition. It should be noted that Datz
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obtained the layer of contaminant on his Pt surface at room
temperature in spite of the use of standard high wvacuum
techniques. Liquid nitrogen trapped mercury diffusion pumps
produced a chamber pressure of 1 x 10-.7 mm Hg. A mass
spectroscopic analysis indicated that air and water vapor
were the predominant species in the ambient gas.

The work of O'Keefe et §£.28 seems to indicate that
the water vapor in Datz's experiment was responsible for
the surface contamination. O'Keefe found specular reflection
for H2 from a freshly cleaved LiF crystal at room temperature
by the molecular beam method. Since Bayh and Pflug38 found
that there are four monolayers of Hzo on freshly cleaved

LiF, its reflection properties should be insensitive to H,O

2
contamination.

For the present work, the measurements of Hurlbut39'40
of the reflection properties of N2' A, and air from glass
are of primary interest. His apparatus was capable of mea-
suring reflection both in and out of the plane of incidence.
For a glass surface at room temperature he obtained diffuse
reflection with slight deviations only at grazing angles of
incidence. Stickney3l has claimed Hurlbut's surface was
contaminated as the work of Datz et gl.zs would also indi-

cate. Hurlbut obtained 2 x 10_6 mm Hg ambient pressure using

a diffusion pump @With an unspecified fluid) and a liquid
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nitrogen trap. It should be noted that the physical factors
determining the surface condition in Hurlbut's experiment
were essentially the same as those in this work.

S ince no work has been done specifically on atomic
and molecular hydrogen scattering from glass, we must infer
the type of scattering which occurred from the 7740 Pyrex
nozzle at room temperature in this work. Due to the con-
sistent diffuse scattering results at room temperature by
Hurlbut on glass and by the various other workers on other
surfaces mentioned above, we conclude that diffuse scatter-
ing occurred from the nozzle in this work. The implication
of this conclusion is that the distribution functions for

the directions of motion are equal as shown by

%23 (er o, T) = gHZB(GI ¢, T) = gHB (el ¢, T) .
(14)

By substituting the forms of G p v, 8, ¢, 1),
2

1
G HzB(v, 6, ¢, 1, and GHB v, 8, ¢, 1 given by Egs. (13a),
(13b) , and (13c) , respectively, into Egs. (8a), (8b), and

(8¢c) , respectively, and integrating with respect to v, we

obtain
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T /2
l -
F (t) = (— m, V () (1) ©, ¢, Ox
H,B Tr | My 5,8 ) Tu,B % ,B"
0
(15a)
X sin 6 cos 6 dé d¢
2. m/2
e, (l) vooam N, o @ I
F T) = |=—|m v T T g y ¢, T)X

H2B 4T H2 HzB HZB IEB

(15b)

X sin 6 cos 6 d6 d¢
i m/2
- |1 -

Fyg @ = (H)mH Vyp @ Nyp (@ [ Iupg €r ¢/ Tx

(15¢)

x sin 6 cos 6 d6 d¢,
where GH g () is the average velocity at point T of hydro-
2

gen molecules emitted directly from the nozzle

with the Wood's tube off,

1
Vo B(T) is the average velocity at point T of hydro-
2
gen molecules emitted directly from the nozzle

with the Wood's tube on, and
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GﬁB (t) is the average velocity at point T of hydro-
gen atoms emitted directly frbm the nozzle
with the Wood's tube on.
- — -
In this work szB(T), \4 H2B(T), and Vg (t) are constant

functions of T. Since in each case the gas was in thermal

equilibrium with the nozzle at room temperature T_ we obtain

R
the relations
-3 1 i 1. 3 3
1 _ 1 = 1 2 = 3
7"‘1{2"1{23“’ B P HZB(T) 7 My Vg 0 =5 kTg.
(16)

For the Maxwellian velocity distribution we find that the
root mean square velocity, Vs is simply related to the

arithmetic mean velocity4l, v+ as

v =

3n
r 2

o) 1=

va. @7)

Using the atomic to molecular hydrogen mass ratio and the
Maxwellian velocity distribution for each gas, we obtain

the relations

v (1) = v (t) (18)

H2B H2B

T p@ = = T 0 19)
2 /7 HB
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Equation (14) showing the direction of motion dis-
tribution functions in the electron beam to be equal implies
that if the mass flux through any plane cross section of the
flow system is constant with the Wood's tube on or off, then
the mass flux through a unit area at point T in the electron
beam due to gas particles emitted directly from the nozzle

is constant, as given by

1
FH B(r) =FH B

, 5@ * Fyp @ (20)

Rewriting Eg. (20) we obtain

F._(t) =F (t) - F (T) .
HB HZB H2B

(1)

2
and Fyp (t) in Egs. (15a), (5b), and (15¢) into Eq. (21) to

'
We can now substitute the expressions for FH B (t), F H.B (),
2

obtain Eq. (22). Note that since the distribution functions

for the direction of motion are equal, the integrals cancel.

M, vy (0 N () = M GHZ(T) N B ()

(22)
- .0 N .
“‘H2 H, H,B
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Combining Eqs. (18), (19), and (22), and using the atomic

to molecular hydrogen mass ratio, we obtain

Yp O = V2 [N 5@ - N'HzBm . 23)

Although the atomic and molecular hydrogen densities
in +.no :lectron beam considered up to this point have been
those amitted directly from the nozzle, background densities
also exist due to scattering from the surfaces of the beam
chamber. The background density in this work comprised
approximately one half of the total density in the electron
beam. If the background density consisted entirely of hydro-
gen molecules and therefore remained constant when the Wood's
tube was on and off, the density of hydrogen atoms in the
electron beam could be obtained from the difference in total
molecular hydrogen densities with the Wood's tube on and off
since the background densities would subtract out any yield
NHB(T) by Eq. (23).

Smith42 has shown that at low pressures, recombina-
tion of atomic hydrogen due to gas-gas collisions is insig-
nificant compared with gas-surface collisions. Wise and
Wood43 have reviewed the work on the surface recombination

coefficients of atomic hydrogen for various surfaces. 1In
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this work the principal surfaces in the beam chamber, shown
in Pig. 1, were Pyrex for the chamber walls and nozzle, 303
stainless steel for the electron gun plates, and nickel for
the grid wires. The recombinatiéh'ééefficients range from
0.2 for nickel to 3 x 10-4 for water moistened Pyrex. The
recombination coefficient for stainless steel was not given
by Wise and Wood but it should be similar to that of nickel.
Although the condition of a surface plays an important role
in determining its recombination coefficient, the condition
of the surfaces in the beam chamber in this work could not
be determined. A monolayer of diffusion pump oil and/or
water may have readily formed on the surfaces.' Since this
could raise as well as lower the recombination coefficients,
the ones given above will be used. We must therefore con-
sider the case in which hydrogen atoms are reflected back
into the electron beam.

According to the previous discussion, the room
temperature surfaces 6f the beam chamber should exhibit
diffuse reflection for ﬁydrogen atoms and molecules. All
of the surfaces of the beam chamber were.at room tempera-
ture except those of the electron gun. Due to its thermionic
cathode the temperature of the electron gun was high. The
accelerating plate nearest the atomic beam is- estimated to

have reached several hundred degrees centigrade. However,
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the roughness of this plate should have greatly reduced any
specular reflection. Further, any specular reflection should
have been similar for hydrogen atoms and molecules. We
therefore make the assumption that the reflection properties
of the surfaces of the beam chamber were the same for hydro-
gen atoms and molecules. With amean free path of 17 ¢cm
(@t one micxon pressure) in the 15 cm diameter beam chamber,
gas-gas collisions should have played a secondary role in
determining the paths of the gas particles. Further, the
gas-gas collisions should have affected hydrogen atoms and
molecules in a like manner according to the calculations

of Vanderslice et E&.ls

we therefore conclude that hydro-
gen atoms and molecules statistically followed the same
paths in the beam chamber.

Let us how consider a particular surface in the
beam chamber. With the Wood's tube off we find an incident
mass flux FH2 per unit area of hydrogen molecules. This
mass flux is due to an incident density of hydrogen molecules
NH2’ a velocity distribution function :Hz ), and a distri-~
bution function for the direction of motion gH2 e, ¢).

Upon reflection from the surface, a fraction K (1) of the
density NH2 passes through point 1 in the electron beam.
When the Wood's tube is turned on, the condition of hydro-

gen atoms and molecules statistically following the same
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paths and the conservation of mass gives the result that
the incident mass flux per unit area on the surface equals
that with the Wood's tube off. Thus, the sum of the inci-
dent mass flux per unit area of hydrogen molecules F'H2 and
the incident mass flux per unit area of hydrogen atoms FH
with the Wood's tube on equals FH2. Hydrogen atoms and mole-
cules statistically following the same paths implies that
the distribution functions for their directions of motion
incident on the surface are egual. Further, we can use
Maxwellian velocity distributions at room temperature for
the hydrogen atoms and molecules in the chamber. We now
have the same conditions obtained for the mass flux per unit
area in the electron beam due to gas particles emitted
directly from the nozzle. We can'therefore apply the rela-

tion of densities in Egq. (23) to the densities incident on

the surface in the beam chamber and obtain

(24)

where Ny is the density of hydrogen atoms incident on

the surface with the Wood's tube on and
'
N 4 is the density of hydrogen molecules incident
2

on the surface with the Wood's tube on.
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Upon striking the surface, a fraction y of the atoms
will recombine. Using the same reflection properties for
hydrogen atoms and molecules we find that the number of
hydrogen atoms reflected into point T in the electron beam
is @ - Y)K(T)NH. The total density of hydrogen molecules

reflected into point T with the Wood's tube on is
' YN
K (1) F& + ——E] . It follows that the relation for the

H 3

scattered atoms and molecules from the surface into point T

is

N (t) - N qH.R o], (25)

where NHR(T) is the density of hydrogen atoms at point Tt
reflected from the surface with the Wood's
tube on,

Ny R(T) is the density of hydrogen molecules at

2
point T reflected from the surface with the
wood's tube off, and
'
N I R(T) is the density of hydrogen molecules
2

at point 1 reflected from the surface with

the Wood's tube on.

Since the forms of Egs. (23) and (25) are identical,
it follows that we can write a relation for the total densi-

ties at point T in the same form, given as
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Nyg © = VN g () - Vg2 ) (26)

where Nyop (t) is the total density of hydrogen atoms at
point T with the Wood's tube on,

NH T (r) is the total density of hydrogen molecules
2
at point twith the Wood's tube off, and

N H.T (t) is the total density of hydrogen molecules
2

at point T with the Wood's tube on.

Absolute H Cross Section Measurement with

the Crossed Beam System

The primary factors in determining the distribution
of current in the one centimeter diameter electron beam was
the electron gun design, the beam current, the accelerating
voltage, and space charge neutralization. For a given
accelerating voltage, the beam currents used with atomic
and molecular hydrogen were essentially the same. Since
the ionization cross sections of atomic and molecular hydro-
gen are both large and the total density in the electron
beam was essentially the same with the Wood's tube on and
off, space charge neutralization should have readily been
accomplished in either case. Of interest in this work is

the overlap of the electron beam current density and the
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atomic and molecular hydrogen densities. A one-dimensional
representation, in the direction mutually perpendicular to
the axes of the electron beam and the nozzle, of this over-
lap is shown in Fig. 4.based on estimates of the distibutions.
The uniform nature of the electron beam is expected due to
the design of the electron gun. The broad and flat char-
acteristics of the atomic and molecular hydrogen distribu-
tion is due to the beaming effect from the nozzle which is

discussed in Chapter III.

—— Electron Beam Current
Density (arbitrary units)

Density
---- Atomic Beam Density
; (arbitrary units)
|
pr l \
/ \
/ | \\
/ | \
/ l A
7 1 .

Figure 4. Spatial Distributions of the
Electron and Atomic Beams.
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Multiplying Eqg. (26) by the electron beam current
density at point 1 and integrating over the cross-sectional

area of the electron beam, we obtain

From Fig. 4 it can be seen that small changes in the elec-
tron beam current distribution from the atomic to molecular
case produce very small changes in the relation given in
Egq. (7). The assumption of equal current distributions
for equal accelerating voltages, therefore, introduces
negligible error in the measurement of relative atomic and
molecular hydrogen cross sections. The variation of current
distribution with accelerating voltage was not great enough
to cause a significant error in the measurement of excita-
tion functions.

Eq. (3) shows that an expression for the weighted

. .
average density N H can be written as

2T
P. ..
Woooo 2 (28)
- . .
H2T QHZlJ 1/e
*
A similar expression can be written for N g By the
2

measurement of PH ij/I for a given molecular band we can
2
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* 1 *

/N .
HZT* HZE
then obtain N HT/N HzT.

Let us denote the photon emission rate per unit

obtain N Using the relation in Egq. (27) we can

length of the electron bheam in the i to j transition PH i3’
2
'
.., and P_ .. for hydrogen molecules with the Wood's tube
Hzlj Hij

off, hydrogen molecules with the Wood's tube on, and hydro-

P

gen atoms with the Wood's tube on. Let Ion and Ioff denote
the electron beam current with the Wood's tube on and off.
Using Eg. (3) we obtain Eq. (29) which gives PHij/Ion in
terms of directly measurable quantities, given as

(29)

The optical excitation cross sections of atomic hydrogen

can now be given in terms of the molecular hydrogen optical
excitation cross sections by the relation given in Eq. (7)
as shown in Eq. (30). All of the quantities in Egq. (30) are
directly measurable or derivable from directly measurable

guantities.

Puij| | lofs
on Hzij N

(30)
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For the measurement of the radiation from the crossed
electron-atomic hydrogen beams a 1/2-meter Jarrell-Ash Ebert
mounted monochromator was used. The radiation was focused
on the entrance slit of the monochromator with a quartz lens
in such a way that a magnification factor of approximately
one was obtained. With the entrance slit oriented perpen-
dicular to the axis of the electron beam, the maximum slit
width of 1 mm used in the measurements resulted in the
observation of an approximately 1 mm length of the electron
beam. The entrance and exit slits were kept equal in these
measurements yielding the triangular relative transmission
function T (A - Ao) shown in Fig. 5. In measuring Pij scale
factors were encountered due to the following: the density
of hydrogen atoms and molecules in the electron beam, the
solid angle of observation of the electron beam, the length
of the electron beam observed, the transmission of the window
in the vacuum chamber, the transmission of the focusing lens,
the transmission of the monochromator, the quantum efficiency
and the amplification of the photomultiplier tube, and the
net amplification of the succeeding noise rejection and
amplifying circuits. Scale factors were also encountered
in measuring I due to the amplifying circuits used. Finally,
the resulting quantities proportional to Pi‘ and I were sent

to an analog divider where they were further amplified and
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Monochromator
Transmission
Function

0.9 = — = — = —

Figure 5. Transmission Function of
the Monochromator.

then divided. We thus obtained a quantity proportional to
Pij/I‘ A detailed discussion of the equipment used in this
process is given in Chapter III.

Since the measurement of the scale factor of Pij/I

by a calibrated tungsten ribbon lamp and a standard current
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meter results in approximately 15% error, considerable error

would result in QHi" as given in Eq. (30), from the measure-

ments of (PHij + H21 /I on and PHzij/I

It was therefore desirable to make the scale factors for these

of f in this manner.
quantities equal so they would cancel in Eg. (30). Since the
transmission factor of the monochromator and the response of
the photomultiplier tube was highly wavelength dependent,

it was desirable to measure atomic and molecular excitation
cross sections at identical wavelengths. Such a case would
allow one setting of the monochromator for both cross sec-
tions. 1In this way even if the lines were not "peaked" at
the maximum of the relative transmission function of the
monochromator, their transmissions would be identical. Such
identical wavelengths exist for hydrogen due to molecular
dissociation-excitation. These cross sections, being among
the largest H2 excitation cross sections, provided ratios

P ij/IOff which could be measured with the same scale fac-

H2 '

tors as the ratios (P

M4 + H 13)/I n Over the ten minute

interval required to obtain exc1tatlon functions w1th the
Wood's tube on and off, these scale factors were constant
within 3%. The deviation from linearity in the measurement
of Pij/I was less than 3%. In a similar manner the scale

* * !
factors in the measurement of N H_T and N H_ T cancel in

2 2
Egs. (29) and (30).
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As stated previously, it was the measurement of

* *
N gp/N H,T
*
Eq. (27) indicates that N HT is proportional to the differ-
ence (N - N . If this difference were less than
H2T H2’I‘ .

*

the combined errors in the measurements of N and N '
H2T H2T

*
a highly inaccurate value of N HT would result. This was

the case obtained in the previous work by Fite and Brackmann4

which allowed the absolute measurement of QHij'

* * 1

and Long et a_l.6 using a tungsten oven source of hydrogen

atoms, resulting in the measurement of only relative excita-
§ *

H2T/N H2T was
approximately 0.5 allowing the determination of N*

tion functions. However, in this work N*
HT in the
manner indicated above with relatively small error.
The hydrogen molecule exhibits a many-line spectrum,
Since the radiation transmitted through a monochromator is
inversely proportional to the resolution obtained, . for a
weak radiation source such as an electron beam through
molecular hydrogen gas at low pressure, individual lines
could not be resolved while transmitting detectable signals.
Therefore, an optical excitation cross section measured for
H2 represents an effective cross section Q*H2ij given by
Eq. (31) where the i to j transition represents the energy

difference equivalent to Ao which is at the center of the

monochromator transmission function.
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Q o =ZQ TO\ -)\)' (31)
H,y1j 1,m Hzlm o
where X is the wavelength of the 1 to m transition and

T (A - xo) is the relative transmission function of the mono-

chromator.

Absolute H2 Cross Section Measurement

with the Static System

The measurement of the absolute molecular hydrogen
excitation cross sections was carried out with the apparatus
described by Sharpton44. S ince the gas did not flow in
this apparatus, molecular densities could be determined by
means of a McLeod gauge. The electron beam current was
measured directly with a Sensitive Precision microammeter.
The procedure for calibrating the Pij measurement is described
below.

Let us first consider emission from a tungsten strip
standard lamp. Lamps supplied by the General Electric
Company, such as the 20A/T24/2 used in this work, are cali-
brated in terms of brightness temperature Tgz. The relation
between the brightness temperature and the true temperature

T of the ribbon is given by45
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where Nk (T) is the Plank Spectral Radiance Function,
€y (T) is the emissivity of a tungsten ribbon at
wavelength A and temperature T, and
is the transmission of the standard lamp window

at wavelength A.

Plank's radiation function can be converted from power to
he
X L]
work PAA (A, T) was the photon rate from the standard lamp

photon rate by dividing by The quantity used in this

transmitted through the relative transmission function

T (X - Ao) of the monochromator given as

A=A
_ O - < <
T(X- Ao) =1 + ) fior Ao AN =X = Ao
(33a)
A=A < <
T()\")\o) =1 T—- .for >\°_>\ _>\O+A)\,

(33b)

where.AO is the center of the relative transmission function
and A\, called the bandpass, is the width of the triangular

transmission func¢tion at half height. PAA(AO,T) is given by

)\O+ AA

- A
PM(AO,T) = T(A-xo) sA(T)—N

me Ny (T) dA.

o = 44 (34)
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Pl6 i(X,T) has been evaluated by Jobe46 on an IBM
1410 computer for temperatures ranging from 1400°K to 3000°K
and for wavelengths ranging from 2220 A to 30,000 i. The
emissivities measured by DeVos47 were used in this calcula-
tion. Since € (I) is a slowly varying function of A, E‘>\o (T)
was used in the integration. Further, the constant and linear
terms of the Taylor expansion of ANA (T) about Xo were used.
These approximations introduced negligible error for all
bandpasses used in this work. PAA(X,T) = IﬁAX P16 5 (A,T). It
should be noted that although a triangular transmission func-
tion was used, the same results hold for an arbitrary, but
symmetric, transmission function with 1ts center at Ao. Set-
ting the transmission function at AO equal to unity, the band-
pass AX is then equal to the area under the transmission curve.

The technique for calibrating the measurement of Pij

is to compare the reading for Pij with the reading from the

standard lamp P using the same optics, detection, and

SL
amplification systems. Fig. 6 shows the optics arrangement
used.in this measurement. In order to make the optical
sysﬁéﬁs in the measurements of Pij and PSL as nearly equal
as possible, the focusing lens L was mounted on the same
aluminum plate as the 1l/2-meter Jarrell-Ash monochromator.
This assembly was directed at the electron beam and the
standard lamp retaining equal lens to source distances. The

formula for the absolute optical excitation cross section

defined in Eq. (3) is given in Eq. (35) in terms of
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Electron
Beam Lens

)

e i e
Stop
Diameter dB

Monochromator
Position 1

Vertical Limiting
Slit of Width w

Figure 6. Configuration for Standardization with
the Static System.

standard lamp and electron beam measurements. Fig. 6 shows

Pl s Ax P o 2

the meaning of the new quantities in Eg. {35). The bandpass
AA can be obtained by the use of Eg. (36) below or it can be
measured from a recorded scan of the monochromator past a

monochromatic line.
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M o= - (36)
dA
where W is the width of the monochromatic slits,

f is the focal length of the monochromator, and

dé

I is the angular dispersion of the monochromator.

The same monochromator slit widths were used for the measure-
ment of the radiation from the electron beam and the standard
lamp.

Imglicit in Eq. (35) is that the response of the
optical and detection systems are directly proportional to
the aperture diameter squared d2 and to the width of the
vertical limiting slit w for a uniform source. The limits
on these relations are when d becomes large enough that the
light overfills the monochromator surfaces and when w
becomes wider than the detector. These limits can be deter-
mined experimentally and empirical correction factors can
be introduced when work at these limits is desired. Reducing
w to approximately 0.1l mm can introduce the factor of local
detector sensivitity. Reducing d to approximately 1 mm can
introduce the factor of local transmission variations of
the monochromator. Both of these factors can be eliminated

by applying averaging techniques.



CHAPTER III

CROSSED ELECTRON-ATOMIC

HY DROGEN BEAM SYSTEM

Wood's Discharge Tube

Radio frequency discharge, glow discharge, and ther-
mal techniques are widely accepted for their success in
dissociating hydrogen molecules. Langmuir48 discovered that
high degrees of dissociation could be obtained from a tungsten
surface at 2500°K., Fite and Brackmann3 measured the degree
of dissociation in a tungsten oven to be 92% at 2530°K.

3 and later Long et §£.6 made crossed

Fite and Brackmam
atomic hydrogen and electron beam measurements of atomic
hydrogen excitation cross sections using a tungsten oven
source. However, this technique yielded atomic hydrogen
densities of only 1 x 107 to 1 x 20% cn™3 in the electron
beam which limited their measurements to optical excitation
cross sections of the n = 2 state. Since the technique of

thermal dissociation has been essentially exhausted by these

workers and other workers mentioned in Chapter I and since

53
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the technique requires considerable design, construction,
and expense, it was rejected for this work.

A radio frequency or rf discharge is capable of
essentially 100% dissociation of hydrogen molecules. It
has been applied by Ramsey50 in the construction of an.
atomic hydrogen maser. Schultz51 used an rf source in the
measurement. of the atomic hydrogen electronic elastic cross
section. Although this technique should supply a greater
quantity of hydrogen atoms than the tungsten oven, the
anticipated interference of the rf source with other circuits
in the experiment and the expense of the rf source led to the
rejection of this idea.

By far the simplest and the most easily constructed
device for obtaining hydrogen atoms is a glow discharge of
the type discovered by R. W Woodll. Wood and later other

52,53
workers

reported that essentially 100% dissociation
was obtained with such glow discharges or Wood's tubes.
However, for reasons which were not apparent at the outset
of this work, the Wood's tube technigque has been used very
little recently compared with the thermal and rf techniques
by workers in the fiéld of atomic and molecular physics.

In spite of this the Wood's tube technique was adopted in

this work. Fite54 communicated to the author after the

completion of this work that he experimented with a Wood's
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tube but rejected 1t in favor of a tungsten oven after he
found that his Wood's tube: 1) was unstable in its degree
of dissociation; 2) produced excessive electrical noises
which interfered with other circuits; and 3) produced great
amounts of radiation which interfered with radiation measure-
ments in the electron beam. In the following discussion it
will be shown that these problems were adequately solved.

When Woodll constructed a glow discharge in order to
observe the atomic hydrogen Balmer lines he had the good
fortune to use an electrolytic source of molecular hydrogen.
By observing the atomic and molecular spectra from the dis-
charge he deduced that the hydrogen, which was moistened
with approximately 2% water vapor by volume, became essentially
100% dissociated. By running the discharge with and without
water vapor Wood concluded that its effect was to hinder the
recombination of hydrogen atoms on the glass discharge tube
walls. By switching the discharge off and on he found that
the population of hydrogen atoms remained in the tube treated
with water for 1/5 sec. The dimensions of Wood's discharge
tube were 6.5 mm inner diameter by 2 meters length. The
electrodes were hollow aluminum cylinders approximately 2.5 cm
in diameter by 8 cm in length. The pressure at which Wood
obtained the purest atomic spectrum was 0.5 mm Hg. Up to
200 ma current was produced in the discharge by a 25 KV

transformer.
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Since Wood reported the successful operation of the
Wood's tube others have expended considerable work to explain
its operation. Poole55 measured the rate of dissociation
of molecular hydrogen by electron impact in a glow discharge.
He continuously flowed hydrogen molecules into a glow dis-
charge and out onto a platinum calorimeter where the number
of hydrogen atoms produced was measured by their heat of
recombination. The rate of dissociation of hydrogen mole-

cules in a glow discharge is

H
2——
T NHzne Ve QHZ(ve)f we)dve, (37)
0
where NH is the density of hydrogen molecules,
2
QH (ve) is the dissociation cross section for
2

molecular hydrogen for an incident electron
velocity of Vo

f Wé) is the distribution function of electron:
velocities Var

ng is the density of free electrons, and

NH is the density of hydrogen atoms.

The Schottky theory, which is presented by Francis56

’

for the uniform positive column of a glow discharge applies

where the electron and ion mean free paths are much less than
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the tube radius R. The basis of the Schottky theory is that
a steady state is reached in the positive column where ions
are created as rapidly as they are lost at the walls. 1In

a straightforward manner we obtain the result that the elec-
tron temperature Te' longitudinal electric field divided by
gas pressure E/P, and the longitudinal drift velocity of the
electrons Vg are functions of p:R. Measured values of the
drift velocity are reported by Brown57. We can obtain the
electron density in the positive column from the discharge

current I the cross-sectional area A of the discharge,

Dl
and the drift velocity as

I
n, = VZ_A : (38)

Numerical solutions for the integral in Eg. (37)
for several electron temperatures are given in Table 1.
The solutions were obtained with an IBM 360 computer using
a program written by R. Day and I. Latimer. The cross
section for the dissociation of H, by electron impact used
in the calculation was measured by Corrigan58 by the pres-
sure increment technique. A Maxwellian velocity distribu-
tion was assumed for the electrons.

In order to obtain the rate of dissociation of H, in
the positive column of a glow discharge we measure the dis-

charge radius, current, and pressure. From these measure-

ments the electron temperature and density are obtained by
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TABLE 1

DISSOCIATION RATE OF MOLECULAR HYDROGEN

Electron Energy Dissociation Rate
(fn units of eV) (in units of cm3/sec)
£ =3%2 n
QH2 (Ve) f (Ve) v av,
1.5 2.45 x 10712
3.0 2.93 x 10710
4.5 1.40 x 107°
6.0 2.99 x 107°
7.5 4,63 x 107°
9.0 6.10 x 1077
10.5 7.32 x 107°
12.0 8.30 x 107°
13.5 9.07 x 1077
15.0 9.65 x 107°
16.5 1.01 x 1078
18.0 1.04 x 1078
19.5 1.06 x 1070
8

21.0 1.07 x 10~
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use of the Schottky theory. The value of the electron den-
sity is then combined with the numerical value of the integral
in Eq. (37) for the proper electron temperature.

As a check on the accuracy of the calculation of the
rate of dissociation, a comparison with Poole's Fig. 3055
was made. Poole measured the fraction of hydrogen molecules
dissociated to be 0.37; by use of Egq. (37) 0.29 was obtained.
This correlation lends support to the application of the
Schottky theory and the Maxwellian electron velocity distri-
bution to the nonuniform, or striated, positive columns of
the discharges obtained at the high currents necessary to
dissociate hydrogen molecules.

Wood measured the time between turning on his tube
and the disappearance of the molecular spectrum to be 0.0l
and 0.04 sec for 20 and 2 amperes of primary transformer
current. Assuming 50 ma for Wood's discharge current (which
was not specified in his paper but represents a nominal
current used in his work) we calculate by the above method

1 of the molecules are dissociated in 4 x 10—3 sec.

that e
The discrepancy between this time and Wood's observed time
is probably due to the delay in the establishment of the
glow discharge.

In 4 x 10_3 sec a hydrogen atom makes approximately
5 x lO2 collisions with the walls in Wood's tube. Therefore,

a recombination coefficient much less than (5 x 102)_l is
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required to explain the nearly 100% dissociation observed
by him. The recombination coefficients compiled by Wood
and W’ise43 for moist Pyrex which averaged 3 x lO-4 satisfy
this requirement. The mechanism for surface recombination
is the adsorption of atoms and subsequent recombination due
to collisions with impinging gas atoms. If a small fraction
of the area of a surface is comprised of adsorbed atoms,
its recombination coefficient is low.

43 indicates that

The review article by Wood and Wise
there are few known surfaces with recombination coefficients
of 1 x 10_4 or less. Since a surface is largely determined
by the top monolayer, obtaining an arbitrary surface in a
vacuum system is quite difficult. For example, an impurity
in the vacuum system with a pressure of 1 x 10-6 mm Hg and
a sticking coefficient of 0.1 would form a monolayer in less
than two minutes. It is therefore apparent that the surface:
in Wood's tube was not formed in a straightforward manner.

In order to answer questions such as the surface con-
dition in a wood's tube, a tube was constructed closely follow-
ing Wood's design. The electrodes of the discharge were con-
structed of unalloyed aluminum hollow cylinders 2.5 cm in
diameter by 7.6 cm in length. These were enclosed in 7740
Pyrex bulbs 3.5 cm in diameter by 12 cm in length. The dis-

charge tube of 6.5 mm inner diameter by 2 meter length was

also constructed of 7740 Pyrex. The discharge tube was cleaned
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with hot chromic acid and rinsed first with distilled water
and then ethyl alcohol.

The water used to moisten the hydrogen was triple
distilled. The first distillation was done in a Barnstead
distillation apparatus. The next two stages were carried
out in the three bulb apparatus shown in Fig. 7. After
cleaning the apparatus in a manner similar to that of the
Wood's tube, the distilled water was introduced into bulb 1
and the excess gas in the bulb was pumped out. After clos-
ing stopcock 1 the remainder of the apparatus was evacuated
and outgassed using a high vacuum system. After closing
stopcock 3, distillation from bulb 1 to bulb 2 was carried
out with bulb 1 at room temperature and bulb 2 at ice tempera-
ture. In a similar manner distillation was carried out from
bulb 2 to bulb 3 and stopcock 2 was then closed. Stopcock
2 and bulb 3 with the distilled water were removed from the
distillation apparatus and joined to the hydrogen supply
system as shown in Fig. 8. A cylinder of Matheason pre-
purified grade hydrogen with a Matheason model 19 all metal
regulator was used to supply hydrogen at atmospheric pres-
sure. Approximately two percent by volume of water vapor
was added to the hydrogen from the water bulb. The pressure
of the hydrogen was then reduced by a Matheason model A 12TP-B
stainless steel needle valve with a Kel-F plastic tip. The

diffusion pump used to evacuate the Wood's tube was a CVC
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High Vacuum System

A

@Stopcock 3

Stopcock 1 Stopcock 2

O

Bulb 1 Bulb 2 Bulb 3

Figure 7. H20 Distillation Apparatus.
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Matheson Model 19

Regulator
Matheson
2000 PpsSIT
P-.repurlfled Pyrex Matheson 12TP-B
Grade H, . Tubing Needle Valve
: <o

Stopcock

Distilled H20

Figure 8. Hydrogen Supply System for the Wood's Tube,

115 PMC with DC 704 fluid. A water baffle was used to
reduce oil backstreaming.

The Wood's tube operated with complete success. With
100 u pressure and 80 ma ac current the tube lighted the
entire room with the deep red of the Ha line. Wood describes
this as "fiery purple". Moist hydrogen was slowly flowed

through the Wood's tube in order to insure its purity. Using
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a 1/2-meter Jarrell-Ash monochromator and an EMI 9558 PMT,
the molecular spectrum could not be detected in the Wood's
tube. Using the noise level of the detection system for the
molecular intensity, a Balmer to molecular intensity ratio

of 1 x 10°

was obtained. Very near the electrodes in the
"molecular" discharge this ratio was 45. We therefore
obtained an increase in the ratio of at least 2,000. This
can be compared to the increase of 40 obtained by Wood.
Wood attributed an increase of 40 to essentially 100%
dissociation. From the intensity of the atomic hydrogen
spectrum it was deduced that the degree of dissociation in
the discharge was constant to within 2% over a 20 minute
period. With a hand spectroscope it was observed that the
molecular hydrogen spectrum was not found further than 2 cm
from the electrode bulb.

In order to produce a throughput of 1000 p.liters/sec
of atomic hydrogen a large diameter Wood's tube must be used
to avoid excessive pressure differences. The relation of
throughput Q in up-.liters/sec to conductance C in liters/sec
59

and pressure difference AP in microns is given by Dushman

as

Q = CAP. (39)

For a tube 2 cm in diameter by 150 cm in length, the tube

conductance was calculated by the formula given by Dushman60
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to be 3.5 liters/sec. The conductance was calculated for
molecular flow which holds where gas-wall collisions are
more frequent than gas-gas collisions. For a conductance
of 3.5 liters/sec and a throughput of 1000 p.liters/sec of
atomic hydrogen, we obtain by Eqg. (29) a pressure difference
in the tube of 286 u. For an outlet pressure of 163 y, which
was the approximate pressure obtained in this work,an inlet
pressure of 449 p is obtained for the above conductance and
throughput. It should be noted that viscous flow is signi-
ficant at these pressures and therefore adds to the molecular
flow conductance and reduces the above pressure differences.
A throughput of 1000 p.liters/sec of atomic hydrogen is
equivalent to a throughput of 500 p-.liters/sec of molecular
hydrogen for equal mass flow. At a 500 p.liters/sec through-
put of molecular hydrogen the inlet and outlet pressures of
the discharge tube are 316 u and 115 p. The average transit
time for a hydrogen molecule through the 150 cm discharge
tube was calculated to be 0.2 sec. For 100 ma current and
217 u pressure we calculate that e—l of the hydrogen mole-
cules are dissociated in the tube in 0.0l sec. Although
these factors indicate that essentially 100% concentrations
of hydrogen atoms could be produced by this tube at a through-
put of 1000 u -liters/sec of atomic hydrogen, Melville and
Gowenlock61 have reported that in a 2 cm diameter by 2 meter
long Wood's tube the concentration of hydrogen atoms is very

low near the electrodes and increases monotonically to a high
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concentration at one meter from the electrodes. The explana-
tion of this effect is that the conductance of a tube under.
conditions of molecular flow varies as the tube radius cubed.
In the 2 cm diameter discharge tube then the flow of hydrogen
atoms to the electrodes where they recombine on the metal
surfaces greatly reduces the net atomic hydrogen production
rate. A.proof of this conclusion can be obtained by solving
the differential equations for the transport of H and H,
coupled by the dissociation rate per unit time deHz, where.
kd is the probability of dissociation per unit time. The

solution of these equations for the density of hydrogen mole-

cules at a distance x from an electrode is given as

A k,A
N, =10 e - = x, (40)
2 2 C
where Noﬁ is the density of hydrogen molecules at the
2

electrode,
A is the cross-sectional area of the discharge
tube, and
!

C is the conductance per unit length of the tube

forIiz.

Using the value of kd’of 92/sec calculated previously for

the 2 cm diameter tube we find that NH /NQE is 0.135 at
2 2

70 cm from the electrode which agrees well with the value

reported by Melville and Gowenlock. Using the value of kd
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of 244/sec calculated for the 6.5 mm diameter tube reported
by Wood'" we find that N, /N%, is 0.135 at 26 cn from the
electrode which agrees weil wiih the 30 cm distance reported
by Wood. The 2 cm distance from the electrode bulb required
in the 6.5 mm diameter Wood's tube constructed in this work
for the disappearance of the molecular spectrum is attributed
to a much higher electron temperature than obtained by Wood.

In the design of the 2 cm diameter by 2 meter long
Wood's tube used in this work the loss of hydrogen atoms
at the electrodes was minimized by using a 10 cm length of
6.5 mm inner diameter tubing between the electrodes and the
discharge tube as shown in Fig. 9. The electrodes and
electrode bulbs from the previous Wood's tube were used with
the 2 cm diameter tube. The tube was constructed of 7740
Pyrex and cleaned in the same manner as the previous Wood's
tube. The same moist hydrogen supply was also used. The
degree of dissociation obtained in the tube agreed closely
with the calculated value at a throughput of 1000 p-.liters/sec.
With a Balmer to molecular intensity ratio near the nozzle
of 1 x 104, the degree of dissociation was essentially 100%.
A 5 KVA power transformer was used to construct a 0-10KV
dc power supply for this Wood's tube. The stability of the
intensity of the Balmer lines in the Wood's tube indicated
that the combined stability of the flow system and the degree

of dissociation was better than 2% over a 20 minute period.
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2cm Diameter
Discharge Tube

ozzle

] e [[ ]

Figure 9. The 2cm Diameter Wood's Tube.
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Design and Construction of the

Crossed Beam Apparatus

A general problem encountered in crossed electron-
atomic beam experiments is background atom density. It
causes error and noise in measurements. In order to reduce
the background density we can use a high throughput diffu-
sion pump and a high conductance beam chamber. Further,
we can design the beam system so that a large fraction of
the atoms in the atomic beam pass through the volume of the
crossed beams. A technique for accomplishing this is to
employ collimating skimmers and differential pumping such
as Fite and Brackmann3 and Long et §£.6 have done. The
technique employed here was to inject the atoms into the
electron beam with the nozzle shown in Fig. 2. In order
to maximize the fraction of atoms passing through the
electron beam, the end of the nozzle was placed 0.5 cm from
the electron beam. Further, the emission in the forward
direction from the nozzle was maximized by the use of Clausing's
"beaming effect"62. In order to obtain this effect the length
of the final straight section of the nozzle was four times
its radius. The large segment of the nozzle was 2 cm in
diameter by 34 cm in length, while the small segment was
1l cm in diameter by 3.5 cm in length. The conductance of
the nozzle was calculated to be 6.7 liters/sec'for atomic

‘-hydrogen under molecular flow conditions. With a head pres-
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sure of 163 ¢ and a throughput of 1000 p.liters/sec of hydro-
gen atoms, the mean drift velocity in the 2 cm diameter por-
tion of the nozzle was calculated to be 2.6 x 103 cm/sec.
The average transit time for an atom through this portion of
the nozzle was therefore 1.3 x 10—2 sec. With an average
velocity of 2.5 x 105 cm/sec for atomic hydrogen at room
temperature, at least 300 collisions with the wall occurred
during this time.

Corning 6" inner diameter Pyrex conical pipeline
was used to facilitate the construction of the atomic beam
system. A tee, a 90° ell, and an end cap were assembled in
the manner shown in Fig. 1. Teflon gaskets and flanges
supplied by Corning were used to connect these parts making
high vacuum seals. The electron gun was mounted on a 3" cap
in such a way that, with the cap mounted on the tee, the
collision area of the electron gun was in the center of the
tee. Two holes were ground in the tee with a carborundum
compound. Through one the nozzle was inserted, and in the
other a Pirani gauge was placed. Both were sealed with
Apiezon black wax. No window for the chamber was required
since the radiation from the crossed beams could be measured
through the Pyrex chamber wall.

Rather than using an optically dense baffle which
would decrease the conductance to the diffusion pump, the
90° ell was connected directly to the diffusion pump and

used to condense the backstreaming diffusion pump oil. To
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facilitate condensation the ell was cooled to 5°C below
room temperature by a room airconditioner. According to
Power and Crawley63 a "one bounce" trap of this sort reduces
backstreaming by a factor of 3000. Since they also deter-
mined that most backstreaming occurs from the top jet of
a diffusion pump and that a room temperature "cold cap"
above this jet reduced backstreaming by a factor of 30,
such a cap was constructed and installéd in the CVC 720
PMC 4" diffusion pump used here. With this configuration
the Dow Corning 704 silicone diffusion pump oil which was
used condensed in the 90° ell and the beam chamber showed
no trace of oil. The conductance for H2 from the electron
gun to the pump inlet obtained with this configuration was
2,000 liters/sec. For a throughput of 500 pu-.liters/sec,
therefore, a pressure difference between these points of
only 0.25 u was obtained.

Since silicone o0il can "glaze" the plates of an
electron gun with an electrically insulating layer, care

64 has stated that a

must be taken to prevent this. Heddle
24 hour baking at 300°K removes such glazing. Since the
electron gun operated at elevated temperatures due to its
thermionic cathode, it is possible that the glaze would be

removed during its operation. After many hours of operation

no glazing on the electron gun was detected with an ohmmeter.
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A Kinney KC-5 compound mechanical pump with a speed
of 4.2 CFM was used to back the diffusion pump. The speci-
fications supplied by CVC for their 720 PMC diffusion pump
indicate that a throughput of 500 p.liters/sec is obtained
for an inlet pressure of approximately 1 u. Since a) at the
limiting forepressure of the diffusion pump of 0.35 mm Hg
500 p.liters/sec was the maximum throughput of the KC-5
forepump and b) above 1 p diffusion pump inlet pressure
backstreaming becomes excessive, a throughput of 500 p.liters/sec
was used in this work. Using this throughput the background
density in the region of the electron gun was approximately 1 \

or 3.5 x 10l3 cm_3. The atomic beam density was 3 - 6 x lO13

em™3.

Noise in the electron and atomic beams results from
fluctuations in the densities of the beams. Shot noise which
is proportional to the square root of the beam density is
always present in each beam. For narrow atomic beams fluctua-
tions in the beam density occur due to atom-atom collisions.
Since Bederson65 points out that the cross section for small
angle scattering is much greater than the momentum transfer
cross section which is readily available, care must be taken
in estimating this type of beam noise. Due to the approxi-
mately 3 cm width of the atomic beam in this work and due to

the 0.5 cm distance from the nozzle to the electron beam,

beam density fluctuations due to atomic scattering was con-
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sidered insignificant. Since the thermionic and Wood's
tube sources of the electron and atomic beams were stable,
shot noise should therefore comprise most of the beam noise
in thi$ work. Consequently, the signal to noise ratio in
the combined electron and atomic beams was directly propor-
tional to the square root of the product of the electron
and atomic beam densities. Since the atomic beam density in

this work was approximately 105 greater than that of Long

6 2

et al.” and the electron beam current was approximately 10
greater, a significant improvement in signal to noise ratio
was made. B’échler66 has demonstrated that eruptive boiling
in diffusion pumps can make them quite noisy. This type of
noise is due to background density fluctuations which follow
pumping speed fluctuations. If these fluctuations are co-
herent in the sense that they maintain a constant phase
relation with the chopping frequency used in.the Cross
section measurement, they can displace the average level of
the signal. Bdchler reported that an oil stirrer reduced
pumping speed fluctuations. The effects of pumping speed
fluctuations can be reduced by increasing the time constant
of the beam chamber, defined as the ratio of the chamber
volume to the pumping speed, and by increasing the ratio of
beam to background density.

A pentode type electron gun was used in this work

which produced a 1 cm diameter monoenergetic electron beam
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as shown in Fig. 2. The plates of the electron gun were
constructed of 303 stainless steel. The cathode was a 1 cm
diameter hollow nickel cylinder coated with RCA 33-C-337
barium, calcium, and strontium oxide material. The cathode
was indirectly heated by a Semicon alumina coated tungsten
heater. The pentode electrode structure gave beam currents
which were relatively independent of anode to cathode voltage
in the 100-500 volt range used here. A typical beam current
with an accelerating voltage of 100 V was 1 ma. Ey the
retarding potential technique Jobe67 showed this gun to have
an energy spread of approximately 0.5 eV at 23 eV beam energy.
The operating temperature of the cathode was measured with a
Leeds and Northrup optical pyrometer to be 930°C. The crossed
beam region could not be enclosed in a solid metal Faraday
electric field shield in this work due to the recombination
properties of metal for hydrogen atoms. Therefore, this
region was enclosed by an 80% transmission nickel screen.
Although the electron gun had been operated in a satisfactory
manner previously in a static all metal system over the
énergy range of 20-500 eV, it would not operate below approxi-
mately 50 eV in the atomic beam system. The cause of this
could not be determined although charging of the glass cham-
ber walls, the glass nozzle, and electrodes which might have

become glazed were the most probable explanations.
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Operation of Crossed Beam Apparatus

The configuration of the equipment used to make
measurements with the atomic beam system is shown in Fig. 10.
The types of measurements made with this equipment were
discussed in Chapter II.  Note that the reference signal from
the PAR Model 122 Lock-In Amplifier is amplified to chop
the electron beam. By using this technigue instead of a
light beam chopping wheel, the Balmer radiation from the
Wood's tube was not included in the amplified signal from
the crossed beams. With this system an excitation function
could be recorded by a Tektronix C-12 oscilloscope camera
on Polaroid film in five minutes. The measurement of rela-
tive atomic and molecular cross sections as described in
Chapter II was accomplished by recording excitation functions
with the Wood's tube on and off. The equality, within
experimental error, of the scale factors of the excitation
functions with the Wood's tube on and off was obtained by
holding all instrument settings constant during the record-
ing of the two functions. After each set of excitation

* 1

*
functions were recorded, N and N were measured by
H2T H2T

o
observation of the H2 lines at 5550 A. These measurements,

made at 200 eV electron beam energy, were recorded on a

* !
Bausch and Lomb V.0.M. time base chart recorder. N g Was
2
*
measured with the Wood's tube on while N g was measured with
2
the Wood's tube off. Again all instrument settings were held
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* *
constant during the measurements of N H and N H in order
2 2

to obtain equal scale factors.



CHAPTER IV

PRESENTATION AND DISCUSSION

OF THE MEAS UREMENTS

Balmer Optical Excitation Functions

In the measurement of an optical excitation cross
section of a state, any radiative decay channel from the
state can be observed. The choice of channels is usually
determined by the facility with which radiation in the
various regions of the spectrum can be resolved and detected.
For visible radiation, resolving instruments are available
which operate near the diffraction limit. Photomultiplier
tubes for this region yield signal to noise ratios which are
near the thermodynamic shot noise limit. Although resolv-
ing instruments in the infrared operate near the diffraction
limit, the linear relation between the diffraction limit and
wavelength leads to a resolution problem. Photomultiplier
tubes which operate to 1.2 u have considerable dark noise.
Lead sulfide photoconductive detectors which operate to 4.5 u
are detector noise limited. The resolution and detection of

ultraviolet radiation is hampered by low reflectivities,

78
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transmission factors, and photoelectric quantum efficiencies.
Therefore visible radiation channels are chosen whenever
possible.

The Balmer series in atomic hydrogen, which arises
from transitions terminating in the n = 2 state, provides
visible radiation channels for the study of the excitation
of states greater than n = 2. The energy level diagram of
atomic hydrogen is shown in Fig. 11l. By observation of the
Balmer lines from the crossed electron-atomic beams, optical
excitation functions for the n = 3 through the n = 13 states
were measured with the Wood's tube on and off in the manner
described in Chapter III. These functions with the measured

* 1

*
value of N N for each pair of functions are shown

/
H 177 H,T

in Fig. 12. The shapes of the atomic hydrogen Balmer optical
excitation functions can be readily obtained from the data

in Fig. 12 by use of the relation given in Eq. (29).

Absolute Balmer Optical Excitation Cross Sections

Due to the near degeneracy of the angular momentum
states for a given n state in atomic hydrogen, it was not
possible to spectroscopically resolve these states. There-
fore a measured Balmer optical excitation cross section for
a given n state is the sum of the optical excitation cross
sections for the individual angular momentum‘states of the

n state. The dipole radiation selection rule of Al = # 1,
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Figure 12. (Continued)
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where 1 is the orbital angular momentum quantum number of
the electron, determines that only upper S, P, and D states
can radiate to the S and P states of the n = 2 state. The
measured Balmer optical excitation cross sections, QHn,Z’

are therefore given by

n,2 = Quns/Bps,2 *

1 1
Oy Q 5np’Bnp,2 ¥ Q unp’Bap, 2

(41)

The absolute optical excitation cross sections of
molecular hydrogen were measured at the Balmer wavelengths
with the static system as described in Chapter III. The
results of these measurements for an electron energy of
200 eV are given in Table 2. The accuracy of these measure-

ments of o o was 15%. Since the effective optical exci-

n,
tation crosz section of a many line spectrum molecule such
as H, is dependent on the monochromator bandpass, the same
bandpasses were used in the absolute measurements with the
static system and the corresponding measurements with the
crossed beam system.

For the measurement of the absolute Balmer optical
excitation cross sections of atomic hydrogen, @Hzij/loff)
ij)/IOn from the crossed beam system at
200 eV were recorded on a Bausch and Lomb V.0.M. time base

and (P

]
Hij t PH2

chart recorder in order to make use of an expanded scale
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TABLE 2
BALMER OPTICAL EXCITATION CROSS SECTIONS
AT 200 eV (UNITS ARE 10-20 cm#)
n “,n,2 %n, 2
3 61.5 697.4
4 11.9 165.9
5 3.9 62.9
6 1.7 21.9
7 0.98 14.0
8 1.74 4.6
9 0.60 5.2
10 1.16 3.2
11 0.40 1.9
12 0.33 1.1
13 0.35 0.55
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and signal averaging. Combining these measurements with
' *

/N and Q
H2T H2T H2
we obtain the absolute values of QHn 2 shown in Table 2.

7

*
the measurements of N n.2 by Eq. (30),
!

The accuracy of the measurements of QHn 2 is estimated to
14

be 30%.

Comparison Between Theory and Experiment

Only level excitation cross sections are calculated
by theoreticians for atomic or molecular systems. In order
to convert a measured optical excitation cross section to a
level cross section, it i= %t-ansformed to an apparent cross
section by the use of its biranching ratio. The cascade com-
ponent is then subtracted by the use of upper apparent
cross sections and their branching ratios. For each mea-
sured Balmer optical excitation cross section, however, we
have the sum of the optical excitation cross sections of
the S, P, and D states. Therefore, we cannot obtain the
apparent cross sections for these states without making an
assumption about their relative magnitude. Such an assump-
tion cannot be based on the relative magnitude of their
theoretically calculated level cross sections since the
apparent cross sections include cascade. In a straight-
forward manner, however, the theoretical level cross sec~
tions can be converted to Balmer optical excitation cross

sections.
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Since the compilation of transition probabilities
by Wiese, Smith, and Glennon68 gives only the transition
probabilities for atomic hydrogen through n = 6, the dipole
matrix element calculations of .Green, Rush, and Chandler69
which include all angular momentum states for n through 20
were used here. The dipole matrix element can be readily
converted to a transition probability by Eq. (7; uiven by
Green et gl.69 These conversions were carried out for s, P,
and D transitions through n = 20 with a General Electric
430 time sharing computer. The resulting transition prob-
abilities are given in Table 3. The reciprical of the
branching ratios, which are defined by Eq. (4), were com-

puted from the transition probabilities in Table 3 and are

given in Table 4. The lifetime T of state i 1is defined as

T = l/iAik’ (42)
where k is summed over all lower states to which state i
radiatively decays. The lifetimes of atomic hydrogen were
computed from the transition probabilities in Table 3 and
are given in Table 5.
Vainshtein70 has calculated the level excitation
cross sections for atomic hydrogen for the S, P, and D

states for n = 2 through 9 for electron energies of 1.16
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through 24.04 threshold units. Since the thresholds are
different for each state, Vainshtein's digital data was
graphically interpolated to yield level cross sections at
equal electron energies. For several energies the cross
sections of the S, P, and D states were log-log plotted
against n. The linear nature of these plots allowed extra-
polation of the cross sections through n = 20. Vainshtein's
cross sections and the branching ratios in Table 4 were
used to compute the apparent cross sections of the S, P,
and D states for n through 20 given in Table 6. The Balmer
optical excitation cross sections as well as the sum of the
apparent and the sum of the level cross sections for n
through 20 are also given in Table 6.

The measured optical excitation cross sections and
those computed from Vainshtein's calcﬁlations are shown in
a log-log plot against n in Fig. 13. By measuring the slopes
of the curves we find that for n = 3-9 the computed cross

~-3.64

sections vary as n and the measured cross sections

vary as n_4'5. The computed cross sections are less than
the measured cross sections for n = 3, but they cross over
at n = 11.

The effect of the adsorption of resonance radiation
from a state by ground state atoms is to increase the value

of the optical excitation cross section of the state when

it is measured by a nonresonant radiative decay channel. The
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Apparent Excitation Cross Sections (20eV)
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Table 6. Optical, Apparent, and Level Cross Sections of
Atomic Hydrogen from Vainshtein's Calculations in Units of

]0—20cm2
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Apparent Excitation Cross Sections (40eV)
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Apparent Excitation Cross Sections (60eV)
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Apparent Excitation Cross Sections (80eV)
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Apparent Excitation Cross Sections (140eV)
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Apparent Excitation Cross Sections (220eV)
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Figure 13. Theoretical and Experimental Values
of QHn,2 at 200 ev.
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methods for calculating adsorption coefficients are given
by Mitchell7l. We find that the peak of the adsorption
curve for 3 P resonance radiation in helium is approximately
twice the corresponding peak for hydrogen. Heddle and
Lucas72 determined that the 5016 i line optical excitation
cross section of the 3 P helium state at one micron pres-
sure was 2.5 times the same cross section at 1 x 10_5 mm Hg
due to resonance adsorption. Since the geometry in the
collision region and the shape of the adsorption curve
affects the amount of resonance adsorption, the results of
Heddle and Lucas cannot be applied directly to hydrogen.
However, it is estimated that between 25% and 50% of the Ha
optical excitation cross section measured in this work with
an atomic hydrogen pressure of approximately two microns was
due to resonance adsorption. The procedure for eliminating
this effect by lowering the pressure could not be carried
out since the thermionic cathode of the electron gun failed
to operate at pressures lower than approximately two microns
in the electron beam. Since the adsorption coefficient for
the resonance radiation of a state is inversely proportional
to the lifetime of that state, Table 5 indicates that above
the n = 3 state resonance adsorption in this work was negli-
gible. Therefore, resonance adsorption cannot explain the

differences between the measured and computed optical excita-

tion cross sections shown in Fig. 13.
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The estimated 20% error in the measurement of

* *
N HT/N H2T
sections in Fig. 13. It should be noted that a portion of

cannot fully explain the differences in the cross

*
the 20% error in the measurement of N is expected

*
HT/N H2T

to be systematic or constant. The effect of such an error
is to translate but not alter the slope of the log-log plot
of the measured cross sections against n. This is of inter-

est since the occurrence of errors in the measurement of
* *

N HT/N H2T

be systematic.

in addition to the anticipated 20% error should

Since the dependence of the Ralmer optical excita-
tion cross sections on n is very nearly independent of
electron energy, the effect of retarded or mixed electron
energies in the electron beam would have the same effect
as a systematic error on the plot of the measured cross
sections in Fig. 13.

Errors in the absolute measurement of QH could

2n,2

both translate and change the slope of the measured QHn 2 in
14

Fig. 13. However, the limit on the error in the measure-

ment of Q was 15%. Therefore, with the averaging pro-
H.n,2

2
cess of curve fitting in Fig. 13, these errors could not
account for the differences in the measured and the calcu-
lated cross sections.

The lifetimes for atomic hydrdgen given in Table 5

indicate that at the average velocity of 2.5 x 105 cm/sec
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for hydrogen atoms at room temperature a negligible fraction
of the excited states through n = 13 escaped from the electron
beam before radiatively decaying.

A consideration which must be made is the effect of
the electric fields in the electron beam on the near degener-
ate states in atomic hydrogen. In the Dirac theory which
includes spin there are:2n2 independent states for each value
of n for atomic hydrogen. The 2n2 states are split into n
energy levels, one for each value of j, the total angular
momentum quantum number of the electron. The energies of
the j states for a given value of n are called the fine
structure. The Lamb shift splits the energies of the two
1 states for a given value of j. This energy splitting is
much less than that of the fine structure.

If the energy shift in an electric field, or the
Stark effect, is small compared to the energy differences
between two states, they remain independent. If the Stark
effect is comparable to or greater than this energy differ-
ence, the states become mixed. In order to have meaning-
ful 1 guantum numbere for atomic hydrogen therefore, the
Stark effect must be smaller than the Lamb shift. Bethe
and Salpeter73 give the electric field strengths at which
the Lamb shifted S and P states with j = 1/2 become mixed
to be 475, 58, 12, and 1.7 Volts/cm for n = 2, 3, 4, and 6,

respectively. The necessary electric field strength for
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mixing these states varies inversely as n4Vn2 - 1. Bethe and
Salpeter73 state that the Lamb shift is negligible for
j 2 3/2.

If two or more states are mixed by an electric field,
the wavefunction for each resulting state is a linear sum
of the wavefunctions of the original or pure states. The
relative number of atoms excited to a givén pure state com-
ponent of a mixed state depends on the mode of excitation
and the strength of the perturbing electric field. A hydro-
gen atom excited to a given component of a mixed state radia-
tively decays according to the selection rules for the wave-
function of that component. The lifetime of each component
of a mixed state is a function of the lifetimes of the
constituent pure states of the mixed state and the perturb-
ing electric field.

The level cross sections for the excitation of mixed
states of atomic hydrogen have not been calculated. However,
the calculated level cross section for a mixed state should
be significantly different than the calculated level cross
section of any of its constituent pure states.

The electric field due to the space charge of the
electrons in the electron beam in this work was calculated
to be less than 2 mV/cm. This value should have been con-
siderably reduced by positive ion neutralization. Stray

electric fields were shielded from the electron beam by the
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Faraday screen described in Chapter III. It should be noted,
however, that charging of parts of the electron gun which may
have become glazed could have introduced stray electric fields.
In spite of the Faraday screen, charging of the glass nozzle'
and chamber walls may have introduced small stray electric
fields. The lack of operation of the electron beam below
50 eV gives some weight to these possibilities. However,
when the electron beam formed above 50 eV, the éonductive
path formed to the anode by the weak plasma would tend to
prevent electrons from straying to nonconducting parts which
would cause charging and stray electric fields. Therefore,
above 100 eV it is assumed that space charge contributes
the only significant electric field in the electron beam.

We therefore conclude that through n = 13 the j = 1/2
states were not mixed. Since Bethe and Salpeter say only
that for j ;v3/2 the Lamb shift is negligible, we cannot
determine at which n state these j states become mixed.

The constant slope of the measured cross sections in Fig. 13
for n = 3-10 suggests that effects due to mixing of states
do not occur in this range. It is estimated that the Balmer
optical excitation cross sections computed in this work on
the basis of pure states would deviate less than 20% at

100 eV above n = 6 from the same computation based on the
partially mixed states occurring in this work. For n S 6

smaller deviations are estimated. Therefore, a) since the
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cross sections for mixed states have not been calculated,
b) since the exact electric field in the electron beam is
not known, and c) since treating the states as pure is
expected to contribute only small error in the computed
Balmer optical excitation cross sections, the cross sections
computed on the basis of pure states are convenient and
valid expressions for comparison with experimental measure-
ments.

Fig. 14 shows the log-log plots of the H, optical
excitation function computed from Vainshtein's calculations
and the one measured here. The slope of the computed func-
tion is -0.812 while the slope of the measured function is
-0.425. An effective retarding potential of approximately
100 V on the electron beam would be required to bring these
slopes into agreement. However, the existance of such a
retarding potential was very unlikely as discussed previously.

The best check on the operation of the electron gun
is to measure a known excitation function. This was done
for the Ha optical excitation function of molecular hydro-
gen shown in Fig. 15. The slopes of the functions measured
with the static and crossed beam systems are -0.65 and -0.69.
The very close agreement of these functions strongly indicates
that no significant distortion of the electron beam energy

occurred.
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1 Ho Excitation Function from
- Vainshtein's Calculations

2 Ha Excitation Function
Measured in This Work

1 X Y

100 Electron Energy200 300 400 500

(eV)

Figure 14. Theoretical and Measured Ha Optical

Excitation Functions.
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1 Measured with Static System

2 Measured with Crossed Beam System

(1 3. i LY
100 200 300 400 500
Electron Energy (eV)

Figure 15. The Ha Optical Excitation Functions of H2
Measured with the Static and Atomic

Beam Systems.



CHAPTER V
CONCLUSION

The significant accomplishments of this work were:
the development of a Wood's discharge tube source of hydro-
gen atoms which produced essentially 100% dissociation at
a throughput of 1000 p-liters/sec; the development of a
simplified crossed electron-atomic beam apparatus which
yielded an atomic hydrogen density in the electron beam of
3-6 x 10l3 cm_3; and the measurements of the absolute Baliier
optical excitation cross sections of atomic hydrogen for
n = 3-13. The error in the measurements was estimated
to be 30%.

The excitation cross sections calculated for the pure
states of atomic hydrogen by Vainshtein were converted to
Balmer optical excitation cross sections by using the Einstein
transition probabilities for the pure states. The theoretical
Balmer optical excitation cross sections. for hydrogen atoms
with partially mixed states due to an electric field of the

magnitude found in the electron beam in this work were

expected to deviate only a relatively small amount from the

i1s
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corresponding cross sections calculated on the basis of pure
states, although the calculations for mixed states have not
been carried out.

The differences in the calculated and measured Balmer
optical excitation cross sections were in most cases greater
than the sum of the errors expected for both. We must con-
clude, therefore, that systematic errors which are difficult
to identify and assess remain in the calculations and/or
measurements. The sources of these possible systematic
errors in the measurements would be expected to be stray
electric fields in the electron beam large enough to signi-
ficantly distort the electron energy, and the different gas-
gas scattering properties of hydrogen atoms and molecules

*
which could affect the measurement of N By alter-

*
HT/N H2T'

ing the design of the crossed beam apparatus it may be
possible to greatly reduce the magnitude of these systematic
errors. These alterations include in-line liquid nitrogen
trapping above the diffusion pump to reduce the possibility
of glazing the electron gun and the shielding of all glass
parts exposed to the electron beam by grounded conductors.
The in-line trap should allow the operation of the thermionic
cathode at lower hydrogen densities which would reduce the
gas-gas scattering. A further effect of these changes in
design may be the proper operation of the electron beam down

to the onset of excitation of atomic hydrogen. However, due
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to limitations in time and equipment these design changes
were not carried out. They remain as a potential check and

extension of this work.
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