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ABSTRACT

With the exception of potassium, no experimental
absolute total cross sections for low energy (lev< E < 100ev)
electron~-alkali collisions have been published since the
work of Brode more than forty years ago. Thus up to the
present time Brode's values have been the accepted numbers.
However, recent measurements on potassium by Collins as well
as several theoretical calculations involving all of the
alkalies have yielded cross section values which are in
firm disagreement with Brode. Therefore it was considered
worthwhile to undertake a series of very accurate absolute
measurements of low energy electron-alkali total cross
sections,

Using the atom beam recoil method, we have measured
absolute total cross sections for the scattering of electrons
by cesium, rubidium and potassium over the electron energy
range .%ev - 9ev., We have also investigated how the
measured cross sections vary with the resolution of our

apparatus,

For all three alkalies our results strongly



disagree with Brode but are in fair to excellent agreement
with recent calculations. Also our potassium sections

compare very favorably with those obtained by Collins,
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I. INTRODUCTION
(A) Within the last ten years, there has been much
theoretical interest in the scattering of low energy (100 ev)
electrons from heavy atoms and this has made apparent a
scarcity of modern experimental data in this area, In par-
ticular, low energy electron-alkali collisions have lately
been studied by a variety of theoretical methods and approxi-
mations with results differing from each other both quanti-
tatively and cma—zlitat:i.vely.1"9 For electrons on potassium,
the only recent absolute measurements of total cross sections
were performed at New York University by Collins et a1.10
For rubidium and cesium, there has been no new absolute ex-
perimental total cross sections since those obtained by

1 more than forty years ago. His results, however,

Brode
differ significantly from those predicted by several differ-
ent modern calculations."“5’6’8’9 Further, the potassium
data of Collins et al is in strong disagreement with Brode's
both in magnitude (about half of Brode's value) and in

12 have made

variation with electron energy. Perel et al
measurements on lithium and sodium and normalized these to
potassium at each electron energy through the use of a

double oven method. Absolute magnitudes were then obtained



by normalization to Brode's potassium values. The resulting
total cross sections lie about a factor of two above the
theoretical calculations presented in references 4,5 and 9,
But, as indicated by Bederson,13 renormalization of the
Perel values to the Collins potassium values brings Perel's
lithium cross sections into much better agreement with
theory.

Brode performed his measurements using a modified
Ramsauer type apparatus14, and it is possible that his re-
sults may be incorrect for the following reasons:

(1) electron energy selection and collisions with
the vapor under study were not, in Brode's system, performed
in separate chambers. Therefore the filament of his electron
gun was continuously exposed to an atmosphere of hot alkali
vapor. Such exposure could result in a significant lowering
of the emitter's work function. Because of this, an implicit
assumption by Brode that his electron velocity distribution
remained constant for different vapor densities may be in=-
correct,

(2) Uncertainties, indicated by Brode himself’l,

in the determination of the true vapor density of the element

under stadyi



The method which we have employed to measure
total cross sections is known as the atom beam recoil

12,15 and is subject to neither of the above prob-

technique
lems, In this method an electron beam orthogonally cross-
fires an atom beam, and the total scattering is observed by
measuring the decrease in atom beam intensity in the forward
direction., This decrease is due to the momentum transferred
during the scattering process. In crossed beam experiments,
the electron source is not exposed to the alkali vapor.
However, in all such experiments in which observations are
made on the scattered electrons, it is extremely difficult
to make absolute density measurements, With the recoil
method, it is not necessary to know the absolute value of
the atom density since the determination of the cross section
depends only on the ratio of the scattered atom current to
the unscattered atom beam and both quantities are measured
with the same detector.

We have obtained absolute total cross sections
for electrons, in the energy range .3ev = 9ev, incident
upon rubidium, cesium and potassium., In addition, we have

investigated the variation of these cross sections with the

resolution of our experimental system.



(B) The study of electron collisions with the alkalies-
lithium, sodium, potassium, rubidium, cesium - is of practi-
cal importance because the alkalies possess low ionization
potentials (from 3.9ev to 5.4ev). This property leads to
high ionization probablities for the alkalies and places them
in the role of electron donors. The alkalies, therefore,
are very interesting as components of stellar atmospheres
and other plasmas., Of particular note are low energy elece—
tron collisions with cesium because of the importance of
cesium seeding as a means of producing a gas of sufficient
electrical conductivity for use in the proposed magnetohydro-
dynamic techniques for direct conversion of heat to electri--
city. Knowledge of the low energy electron scattering

cross section is an important design requirement.



II. THEORY
( 4) Introduction
In considering the scattering of electrons by
atoms, complications arise which make the problem much more
difficult than that of scattering by a static force field:
(1) the equation of motion for the system of
incoming electron and target atom is a many body
problem, As such it will not be subject to exact
solution, which is in principle possible for the
central static field scattering problem.
(2) inelastic processes may take place if the
incident energy is high enough to cause a tran=-
sition of the target atom to any of its excited

states.

In treating iow energy electron atom scattering,
there are two additional major effects which further compli-
cate calculations. These effects are the possibilities of
exchange between the incident electron and the atomic
electrons, and the distortion of the atom by the electric
fieid of the incident charged particle.

Exchange effects may be taken into account by

explicit anti-symmetrization of the total wavefunction for



the composite system. Regarding atom distortion, there is
a sequence of inter-related effects as the electron approaches
from a distance and draws near to the atom. For very large
separations, the system consists of a point charge and a
neutral atom., There exists between them an attractive JB;*
polarization potential due to the electric di-pole moment
induced in the atom by the electric field of the point
charge., The strength of this potential is characterized by
the polarizability """ of the atom. Basically, the polari-
zability is defined as the mean displacement of atomic
charge per unit external electric field. It is clear that
X is related to the structure of the atom, being more pro-
nounced for atoms of loose electronic structure., For
highly polarizable atoms then, the Born approximation,
which neglects deformation of the atom by the incident
electron, is definitely not applicable.

As its separation from the atom decreases, the
electron is accelerated by the polarization potential and
can achieve a velocity of similar magnitude to the orbital
electrons. This leads to velocity dependent interactions,
Finally, upon penetrating the atom, correlation effects be=

tween the scattering electron and the atomic electrons become:



important since the atomic contiguration must adjust for the

close proximity of this additional electron.,

In general, most theoretical efforts have considered

only the first of these effects, What is done then is to
assume that the velocity of the incident electron remains
much less than the velocities of the atomic electrons so

that the entire electronic configuration of the atom instans -

tmoeously readjusts for each position of the incident electron.

From the resulting distortion, usually only the dipole
polarization part is retained. This constitutes the
adiabatic approximation. This approximation works best for
a very low energy electron (i.e. its velocity is <« that of
the orbital electrons) at a large distance from the atom.
All the electron experiences is the long range 1/r4 at=
tractive potential. This potential, however, has the effect
of increasing the electron's velocity towards the atom.,

The next term in the perturbation expansion describing the
distortion of the atom is of the form F.V[a®. This amounts
to a velocity dependent correction on the adiabatic approxi-

mation. As the incident electron's velocity continues to

increase, the magnitude of this velocity dependent correction,

also known as a dynamic polarizability, will begin to be



important., In fact, at some radial distance from the aton,
the dynamic polarizability will be comparable to the static
polarization potential thus destroying the adiabatic ap=
proximation. (e.g. such a distance calculated for hydrogen
was found to be 2.5 bohr radii.) Because this distance is
energy dependent, increasing rapidly with the energy of the
incident electron, the adiabatic approximation is simply not
a good approximation at most energies, breaking down more
rapidly for more polarizable atoms.

In the method of polarized orbitals (p.o.) de=

vised by Temkin and Lamkin16

s the composite system trial
wavefunction includes a function which represents the dis-
tortion of the atomic wavefunction when the atom is per=
turbed by the presence of an electron fixed at a point ex-
ternal to the atom. This is-likely to be a reasonable pro-
cedure when the velocity of the incident electron is much
less than that of the atomic electron. Since the approxi-
mation is meaningless for the incident electron being within
the atom, the trial wavefunction is discontinuous, containing
a step function which cancels that portion of the wavefunction

arising from distortion due to an external charge if the

incident electron passes within the atom. Because of this



discontinuity, the integro=-differential equations of the
polarized orbital approximation are not variationally based,
Mittleman and ?eacher17 have attempted to improve the p.o.
method by removing the discontinuity in the trial wave~
function and then obtaining a variationally based set of
integro-differential equations. They concluded that their
apparently improved version has enough dependence upon are
bitrary parameters associated with the short range cutoff
of the long range polarization potential to eliminate both
it and the original p.o. method from beiné a predictive

theory at this point.

fB) Special Characteristics of the Alkalies

In considering low energy electron scattering
with the alkalies, because of two unusual properties of
these atoms, certain simplifications arise in the theoretical
treatment 6f the scattering proﬁlem. The electron configu-
ration in the ground state of an alkali atom consists of
one or several filled shells outside of which is found one
S=electron, The filled shells are very stable but the
valence electron is weakly bound., Consequently all discrete
atomic.states of the alkali metals can be attributed to

this electron alone, And it is not a bad approximation to



consider that the valence electron moves in the spherically
symmetric stationary effective field of the nucleus and the
| inner electrons., Because of the valence electron's weak
binding, its state changes easily under the action of an
external field and therefore the alkali metals are charac=-
terized by a high polarizability.* Thus the long range
polarization potential —;;s plays a major role in deter=
mining the low energy electron-alkali atom collision cross
section., The strength of these polafized interactions lead
to very large effective cross sections, of the order of
several hundred square angstroms, in the 1=l0 ev incident
energy range.

Since almost all of the deformation of an alkali
atom can be attributed to deformation of the state of the -
valence electron, the effect of an incident electron upon
electrons of the filled shells need not be considered so
that the problem of the collision of an electron with an
alkali amounts essentially to a consideration of the motion

of the incident and valence electrons in the stationary

*¥The polarizability of the alkali atom is somewhat less than

the polarizability of the outer electron, since in the polare
ized state this electron polarizes the core electrons in the
opposite direction.

10



field of the nucleus and inner electrons = basically, a
two electron problen,

The Hamiltonian describing this is given by:

H = 'L(V" V) + V)t Y (ra)- Ze -2 +_&&

"‘l ,"‘"Jl&’
where Vc(r) is the potential created by the electrons of

the filled shells (CORE), This form neglects both magnetic
and relativistic interactions, the importance of which

are discussed in reference L,

(C) Close Coupling Approximation (c.c.)

The most general method of seeking a solution to
the Schrodinger equation describing the incident electron=
target atom system is to express the composite system wave-
function as an expansion over the complete set of eigen-
functions of the atqm's stationary states with the expansion
coefficients describing the motion of the impinging electron.
The possibility of exchange is included through exﬁlicit
antisymmetrization of this wavefunction. For an electron
incident upon a hydrogen atom in its ground state, the total
system wavefunction is then described by:

Fram: (12R)[ I+ [1ge) £
where: the summation is over the discrete spectrum of

hydrogen,

11



the integration is over the atom's continuum states,
P12 is an operator which exchanges the coordi-
nates of the incident and atomic electrons,
the functions éﬂ) are the eigenfunctions of the
unperturbed hydrogen atom,
the functions Ef@%) , to be determined, describe
the motion of the bombarding electron and satisfy
the boundary conditlon. ¢A
4 - L oRj
F5 ) o ‘4..-!;“ + e 7c (2)
with the + and = signs referring to the spins of
both electrons being respectively antiparallel
and parallél.
L 3
The expression for T(f,?.)contains an infinite
number of terms, and therefore its substitution into the
Schrodinger equation will require the solution of an ine
finite set of differential equations, This is clearly im~-
possible to handle and various methods of approximation have
been proposed, Among these the most important, at low in-

cident electron energies, is the close coupling approximation.

*Both the spatial and spin coordinates of the incident and
atomic electrons are taken to be included in the designations

E‘(:;)and a(&’;) .

12



The basic assumption of this method which was first considered
18

by Massey and Mohr is that the infinite expansion for the

composite system wavefunction can be truncated to a sum

over only a few of the atom states, namely:

P - 7[R H@ER]. o

"o

According to Burke, Ormonde and Whittaker19, the close
coupling expansion can lead to very reliable resuits due
to the effect of the explicit antisymmetrization. Since
the inner regions of the functions Fn(?i) are arbitrary,
they can take up part of the atomic distortion induced by
the electron-electron interaction. 1In fact, the exchange
term in the expansion may be regarded as representing part
of the continuum explicitly omittedg&om the summation. Thus
the exchange term as well as satisfying the Pauli principle
allows for distortion of the atom.

The expression for the wavefunction jf;c
upon substitution into the Kohn variational principle yields

N coupled integro-differential equations of the form:

(V342 F)= 2 (U 2o = [k o) E)ae)

wms0o

(msa)...)N) ()

13



where: | ,,‘.‘L a :l"_"(E‘E«-*Ec)
~ o

= the energy of the incident electron
= the ground state energy of the atom
= the energy of the atom's nth excited state

Uy [ ) [ 1 = £ R0 &

and k;.h"'a') are non-local interaction kernels arising

E
go

from exchange.

With partial wave analysis, equations 2 are re=
duced to radial equations which then can be solved numeri-
cally by computer to yield an approximation for the cross

section matrix coupliné.the N eigenstates included in the
expansion 1.

It is characteristic of the close coupling ap-
proximation that explicit allowance is made for every mutual
coupling or transition. Such self=consistency automatically
provides the unitary property of the S-matrix.

There are several difficulties with the close
coupling metﬁod. These include the fundamental problem of
choosing sufficiently accurate atomic wavefunctions especial=
ly in the case of heavy atoms and uncertainties about the
convergence of the eigenfunction expansion with increasing

N. However, the main source of difficulty with the close

14



coupling approximation is gauging iﬁs accuracy when the
complexity of the computational problem is such that only
a few excited states can be included in the expansion 1.
In the case of the alkalies, this problem is

lessened considerably because of the following property.

The alkali atom ground state (an S orbital of large radius)
is separated in energy by a2 small amount (the ma#imum sepa=-
ration is 2.1 ev for sodium) from the first excited state

(a P orbital). As a result, practically all the polariza-
bility of the alkalies arises from interaction between these
orbitals., Because of this strong coupling between the ground
and first excited states, a close coupling calculation, for
electron energies below threshold, which included just

these two states will be a very good approximation, At
electron energies @ the first excitation threshold, the to=
tal cross section is the sum of the elastic and inelastic
cross sections. The elastic cross section is still well-
accounted for just by inclusion of the ground and first
excited states, However, as discussed by Burke et allg,
in computing inelastic cross sections, the close coupling
expansion should include every channel that is energetically

open. From the computational point of view, this becomes

15



increasingly difficult as the energy of the incident electron
increases. Thus far only some inconclusive studies have
been made of the convergence of the eigenfunction expansion
as more and more atom states are included.

To summarize, the close coupling method appears
to be extremely well-suited to the calculation of low energy
elastic electron alkali total cross sections. With regard
to inelastic total cross sections, the method will also be
applicable as i&ng as the electron energies are such that
only a few excited atom states need be included in the ex-
pansion, For higher electron energies, there is uncertainty,
and therefore reliable experimental data with which the
predictions of the close coupling method may be compared is

very important,

(D) Existing Conditions

As mentioned in Section I, there have been a
number of recent calculations on the scattering of low
energy electrons by alkali atoms, Only two of these, how=
ever, have been close coupling calculations with exchange =
on lithium by Burke and Taylor9 and on lithium, sodium,
potassium and cesium by Karu:l.el+ and Karule and Peterkop5.

The remaining theoretical efforts have, for the most part,

16



focussed on the adiabatic and polarized orbital approxi-
mations.

With regard to electron=cesium and electron-
potassium scattering, the most extensive calculations thus
far are those of Karule (electron energies from zero to
the first inelastic threshold) and Karule and Peterkop
(electron energies from the first inelastic threshold to
S5ev). For both energy ranges, the close coupling approxi=-
mation with just the ground and first excited states in-
cluded was applied*. Semiempirical atomic wavefunctions

20 were adopted for both po-

found by the method of Gaspar
tassium and cesium., Up to nine angular momentum states

were included in the partial wave analysis: 0S4 L § 8,
where L represents the total angular momentum of the com-
posite system. In the case of potassium at L 2 4 and in

the case of cesium at L ¥ 5, exchange was ignored. In order

to evaluate the effect of the choice of different atomic

wavefunctions, similar calculations were made on Cs using

¥The fact that some of the inelastic cross sections cal-
culated by Karule and Peterkop were obtained with only the
first excited state included in the c.c. expansion when
other excited states were energetically possible implies an
error in these calculations beyond that resulting from the
atomic wavefunction used.

17



* %
atomic functions derived from the potentials  of Stone?!,

It was found that this change in the wavefunction increased
the magnitude of the cross sectién by 27.5% at zero energy
and decreased it by 13% at 1 ev., However, the general shape
of the plot of the dependence of the partial cross-section
on electron energy did not change. The magnitudes of the
potassium and cesium cross-sections obtained by both Karule
and Karule and Peterkop were approximately half as large as
the experimental values of Brode.

For electron-Rubidium collisions at low energies,
there apparently has been only one calculation., This was
made by Balling8 in 1969 over the electron energy range
0.03=13,7ev. This calculation, which only obtained elastic
X~-sections, did not use the c.c. method but rather consisted
of a polarized orbitals approximation with Hartree-Fock-
Slater*** wavefunctions., These atomic functions yielded
excessively high electric dipole polarizabilities as com=

pared to the experimental values of Chamberlain and Zornaa.

**This potential was so constructed that the difference

between theoretical and experimental values of the energy ..
levels and oscillator strengths were minimal. The cesiunm
eigenfunctions thus calculated ignored spin-orbital interactions.

**¥*The HFS wavefunctions were calculated employing the Slater
approximation., In this approximation, exchange integrals

in the Hartree-Fock equations are replaced by an average
exchange potential.

18



Balling obtained elastic total cross sections using both the
calculated polarizabilities and a modified version based
upon the experimental values, ﬂis results differed with
each other by about 30% in magnitude and also varied quali-
tatively, Both sets of cross sections values however were
approximately smaller by a factor of two as compared with

the measurements of Brode.

19



III. EXPERIMENTAL SYSTEM
A, General Physical Description

Figure 1 is a block diagram of the vacuum and its
components, The apparatus essentially consists of three
sections or main chambers: the oven chamber, the scattering
or interaction chamber and the detection chamber. With the
exception of the oven chamber, which is coastructed of
aluminum, the system has been assembled from interchangeable
and varied thick-walled pyrex glass units. Employing
viton o=-ring seals, the chambers can be outgassed by ﬁaking
them with heating tapes.

The three chambers are each primarily exhausted
by a water cooled oil diffusion pump; the oven chamber by
a 1000 liter per second 4" diameter Dresser pump and both
the detector and scattering chambers by 600 liter persecond
4" Edwards' pumps. These are in turn evacuated by a Welch
duoseal mechanical pump. This pump also serves to rough
out from atmospheric pressure any part or all of the ap=-
paratus, Three Bayard=-Alpert ionization guages as well as
three thermocouple gauges are mounted on the system in order
that the pressure in any segment can be spot checked or

monitored continuously.

20



Each chamber is protected by a freon-cooled
baffle from diffusion pump-o0il migration. In addition,
both the oven and interaction chambers have liquid nitrogen
traps above the baffles, The trap below the oven chamber
is necessary to prevent large amounts of alkali vapor from
descending into the diffusion pump since this vapor reacts
in a chemically destructive fashion with the silicone~base
pump oil. The second liquid nitrogen trap is used to stop
any oil vapor which manages to get beyond the freon baffle
from entering the scattering chamber. The presence of oil
vapor can seriously affect the performance of the electron
gun through the formation of surface layers or films that
can acquire electric charge. These deposits may also form
on the surface of the cathode significantly decreasing its
emission and altering the electron energy distribution,
Consequently, this liquid nitrogen trap is continuously
maintained full. The trap below the source chamber, how=-
ever, is only kept filled while the oven is hot. During
all data runs, the pressure within each of the chambers
was less than 5(10)-7 torr,

All three of the system's major components - the

oven, the electron gun and the atom detector - are attached

21



to mounts which are connected to stainless steel rotary
shaft vacuum feedthroughs. These permit both up and down
and rotational motion. In the case of the electron gun,
through the employment of a sliding o=-ring seal, motion
transverse to the atom beam is also possible,

A flexible coupling or bellows between the inter-
action and detection chambers permits horizontal motion of
the detection chamber. A fine thread lead screw driven by
a variable speed motor then furnishes a precise and con-
tinuous movement of the atom detector transverse to the atom
beam. Through the use of a dial gauge and a linear poten=-
tiometer, this motion can be calibrated and electronically
recorded.‘

Figure 2 is a schematic of the total cross section
system indicating the overall size of the system and the

separation between various components,

B. System Alignment

With one or more micrometers mounted on each of
the main chambers, the positions of the oven, electron gun
and detector can be precisely varied. Alignment of the
system was achieved in several steps. First, with the

electron gun not present, the oven and atom detector

a2



positions were varied until the measured atom beam was a
maximum, The electron gun was then inserted. Initially,
the correct height for the gun was approximately established
using a transit.- Then, in small steps, the gun was moved
transversely to the atom beam direction - after each transg=-
verse step, being rotated both clockwise and counterclock-
wise. This process was continued until the atom beam signal
reappeared, and then fine adjustments on all the degrees

of freedom of the electron gun were made until a maximum
signal was noted. Due to additional collimation being
imposed upon the atom beam by slits on the mount of the
electron gun, the detected atom beam was reduced in mag-

nitude .

C. Atom Beam Source

The atom beam is generated by heating a slug of
alkali metal within a roughly cubical oven until the vapor
pressure of the alkali is sufficient to produce an easily
detectable signal (lO6 - lO7 atoms per second striking the
atom detector). The oven has been machined from regular
monel, a high strength, high melting point (1300° - 1350°C)
metal composed mainly of niékel (63=67%) and copper. In

addition to offering excellent corrosion resistance to the

23



alkalies and to many acids, monel‘also posseses a high
thermal conductivity. To prevent any significant heat loss,
the oven was supportéd on three needle standoffs set in a
micalex plate. The oven temperature was determined by
measuring the potential difference across the junction of
an attached ironconstantan thermocouple. Two such thermo-~
couples were employed: one at the front of the oven near
the orifice andthe other at the rear close to the well con-
taining the alkali slug. This was to check that no sig-
nificant temperature gradient existed along the oven's
length (found to be €5°C at 200°C). Knife edge slits (set
at .006" apart) mounted on the aperture and a series of
collimating slits beyond served to define the emitted

atoms into a narrow rectangular bean,

D. Electron Gun
The electron gun employed has been constructed
according to a design which is described in great detail in
reference 235, and, therefore, the following discussion on
the details of the electron gun has been abbreviated,
Figures 3~7 are drawings of the various gun parts
giving dimensions and tolerances. As indicated on these

diagrams, almost all of the metallic parts of the gun are
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machined from molybdenum. Molybdenum has been chosen be-
cause it possesses a very low thermal coefficient of ex=-
pansion and has both a low vapor pressure and exceptionally
good mechanical properties at elevated operating temperatures.
The insulators, acquired from Sheffield Precision Ceramics
company, are made of the ceramic "alumina® (A1203; 99%
pure). Alumina is chemically inert and has a very high
electrical resistivity: at 30000, lO12 ohms, Consequently,
very little or no leakage current has been noted during
operation of the gun.

The filament and the cathode are parts of a
Raytheon 4D32 tube. The filament, which is made of tungsten
wire, is used to indirectly heat the cathode. The indirect
heating is essential in order to maintain a constant poten=-
tial over the emitting surface. A potential gradient could
lead to an excessive energy spread among the emitted
electrons, The cathode, an oxide~coated type, consists of
a flat nickel tube which is sprayed with a mixture of barium
and strontium carbonates. Upon heating in vacuum, the car=-
bonates are reduced to the oxide, with a substancial lowering
of the work function resulting in copious electron emission.

Since it is necessary that the cathode maintain good emisg=-
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sion properties over a long lifetime, then the following
requirements are imposed:

1. Contamination from all the other components of the gun
must be eliminated so that these objects when heated do not
give off substances that may damage the cathode, Conse-
quently, stringent cleaning procedures were applied to the
various gun parts, e.g.: all molybdenum parts were electro=
polished, rinsed in deionized water and then passed through
a degreasing process. Alsc the gun was assembled in a clean
working area while using special vinyl gloves.

2. The cathode must be carefully activated. This is
acconmplished by gradually increasing current to the fllament
in steps of .1 ampere while always maintaining the pressure
below 5(10)"6 torr. This process usually takes about two
days. If the temperature of the cathode is raised too
rapidly, there is risk of blistering, flaking or evaporating
the coating, Furthermore, since there is likely to be sig-
nificant out-gassing of the cathode during its activation,
it is important that there be no potentials applied to any
of the electrodes in the gun at this time. This is to pre~
vent ionization of outgassed molecules by accelrated

electrons and ensuing bombardment and destruction of the
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cathode by these ions. For the same reason, throughout the

cathode's lifetime the pressure in the gun chamber should be

maintained below 5(10)"6 torr.

The components of the gun have been machined so
that they can be sequentially stacked on four accurately
located ceramic rods (see Figure 8). Besides the advantages
of great ease of assembly and versatility of internal design,
this stacking ensures that the components are rigidly fixed
closely parallel to each other. Electrical contacts to the'
gun were made by spot welding .O4O" diameter nickel wire to
the filament leads and .013" diameter nickel wire to tabs
on the other electrodes.

The essential requirements for the electron gun
were as follows:

1. the production of a stable parallel beam of electrons.

2. the electron energy spread about the central energy
should be less than 350 millivolts.

3. the electron beam should be intense enough so that the
signal resulting from electron atom collisions is sufe.
ficient to yield a tractable signal to noise ratio,

The electrons are confined through the action of

an external magnetic field., This field is generated by a
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cast alnico C=shaped permanent magnet mounted so that the
electron gun is centered in the gap space of the magnet,
The field strength across this gap is 1200 gauss. Also the
electrons are collimated heightwise through the employment
of three or more masks deployed through the gun before the
equipotential region.

Two somewhat different internal designs have been
used for the electron gun. The first design, illustrated
schematically in Figure 9, will be designated the four grid
gun., In the four grid gun, the third and fourth grids,
separated by .050" but maintained at the same electric
potential, establish an equipotential region. The height
of the electron beam through the region is collimated to
.150", The second design, illustrated schematically in
Figure 10, will be designated the three grid gun. In place
of a fourth grid, it employes twomolybdenum blocks that form
a 250" long by .067" high channel. In the three grid gun,
the equipotential region is established by the third grid
and the two molybdenum blocks, all tied together electrically.
The height of the eleetron beam through this region is col-
limated to .057'", and the amount of current striking the

region's walls is less than 4% of the total electron current
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through the region thus indicating the effectiveness of
the magnetic field and the masks.,

Through the use of moveable knife edge slits on
the gun mount and a calibrated motion travelling microscope,
the atom beam is directed through the desired portion of the
equipotential region., The gun also serves to additionally
collimate the atom beam so that its dimensions in the
equipotential region are:

(a) 4=grid gun: height .100", width .008",

(b) 3=grid gun: height .067", width .008".

In using the four grid design, a serious problem
arises, namely: ensuring that in stacking the various
components of the gun, the fourth grid is very accurately
aligned with the third grid. If this is not the case,
there will be a large number of electron collisions with the
fourth grid's mesh, and many electfons will be reflected
back into the equipotential region. This effect can result
in a large error in the measured cross sections. To minimize
electron collisions with the fourth grid, the grid alignment
was checked under a microscope during the assembly of the
gun. In the three grid gun, because the equipofential

region offers no impediment to the existing electrons, the
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above problem is not present, An advantage offered by the
four grid design, however, is the ability to pass much
larger (twice as much) electron currents and greater atom
fluxes through the interaction region resulting in much
higher signal levels. In both design guns, the grids are
separated from each other by a distance approximately equal
to five times the spacing between the grid mesh wires in
order to prevent any significant inter-electrode field
penétration.

The cathode was heated to a high enough temperature
so that its operation was spéce-charge limited; The space
charge cloud formed in front of the cathode is useful in
that it tends to mask any small variation in work function
over the cathode's surface. The control grid, Gy, run
positively, draws electrons from the space charge cloud.
Together with the second grid, it serves to control the amount
of electron current and to some extent the velocity distri=-
bution of the electrons in the equipotential region.

Some typical operating voltages for the electrodes

of both gun design were:
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Cathode Ground Potential

G1(control grid) +1,5 volts
GZ(focussing grid) +3 volts
GB(equipotential grid) +4 volts
Gu(equipotential grid) +4 volts

or Channel formed by molybdenum blocks +4 volts

slit anode +30 volts relative
]— collector to the equipotential
anode region

All these voltages were obtained using well-regulated
modular Kepco power supplies (PBX) run in the constant
voltage mode. Employing an NJE model SVC power supply in
the constant current mode, the filament current was held
steady at 3.5 amperes, and consequently the temperature of
the cathode remained constant., At theabove settings, the
total amount of current passing through the interaction
region was about 250 microamperes for the four grid gun and
about 110 microamperes for the three grid gun. This
electron current was determined both through the use of a
precision microammeter and by measuring the amplified
voltage drop across a known resistor in the plate circuit.
With the liquid nitrogen trap below the gun cham=

ber continuously maintained full, the cathode's emission
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remained steady and its lifetime exceeded five months.

E. Detection System

The beam atoms are detected through surface
ionization with a .010" wide by .004" thick platinum wire
(highest purity obtainable, better than 99.99%). The .posi-
tive ions boiled off the hot wire are accelerated by a
negative potential of 2000 volts into the first dynode of an
ITT FW=141 electron multiplier. The gain of the multiplier
is of the order of 105. An electrometer (Keithley Model
601) measures the multiplier output.

The number of atoms scattered per second is de=-
termined in the following manner. The platinum wire
detector is maintained on the axis of the unscattered atom
beam, In a collision an atom will experience momentum
transfer anmd thus there will be a smaller number of atoms
reaching the detector with the electron beam present than
without itlépscattering-out process). Because the’number
density of particles in the atom beam is considerably less
than the molecules of residual or recombined gas (at a cham=
ber pressure of 6(10)"7 torr, the number density of residual
gas molecules is about 2(10)'0 per c.c.), to distinguish

atom collisions with electrons from those with this back-
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ground gas, the electron beam is modulated. Specifically,
a reference signal from a lock=in amplifier (Princeton
Applied Research Model HR-8) drives a circuit which causes
the electron gun control grid to swing between its positive
operating voltage and cutoff at the frequency of the refer-
ence signal (20hz). This ac modulation of the electron
beam is impressed upon the atom beam during its passage
through the interaction region. As a result the signal
from the atom detector has a small amplitude (of the order
of 1/1000th of the full signal) 20hz square wave component.
This ac portion, known as the scattering-out signal, is
amplified by a narrow—band amplifier tuned to the modulation
frequency and is measured by a phase=sensitive detector,
Figure 11 is a block diagram of the detection system.

If the detector is displaced far enough off the
axis in the direction of the electron beam, then scattered
atoms that had recoiled enough to miss the detector when
situated on axis will now be picked up. The resulting ac
signal is 180° out of phase with the scattering=-out signal

and is usually called the differential scattering-in signal.

33



Iv, DATA ACQUISITION SYSTEM

Because of the variation in the atom beam due to
vacuum fluctuations and shot noise, it was necessary to
accumulate data for long periods of time in order to obtain
good statistics., To accomplish this, an automatic data
acquisition system was set up,

Employing an input scanner, a voltage to fre-
quency converter and a preset counter (respectively‘Hewlett-
Packard models 2901A, 2212A and 5214L), nine separate
voltages were automatically sequentially digitalized and
integrated, Contact closures available at the output of
the scanner allowed any or all of the various monitored
signals to passbthrough voltage dividers, time delays to be
imposed before digitalizing and variations in the preset
number of counts so that more than one integration time
could be employed during a run. With the addition of an
output coupler (Hewlett=Packard model 2547A) and an IBM 526
keypunch, the results of a single data run were recorded as
nine 5=digit numbers on an IBM card. BEach data run, of
approximate duration five minutes, included an eighty
second integration of the scattering out signal and ten

second integrations of both the atom beam and electron
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beam signals. By taking between five and ten runs at

each electron energy, quite good statistics could be ob=
tained. A standard cell was used to calibrate the digital
system, Figure 12 is a block diggram of the data acquisition

system.
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V. EXPRESSION FOR THE TOTAL CROSS SECTION

In the case of a rectangular beam of electrons
orthogonally cross~firing a rectangular atom beam, the
total cross section @ for the scattering of an electron
by an atom is directly obtained from a simple relation con=
taining experimentally measured quantities and a geometrical
factor. This relation is derived as follows:

Since the average velocity in the electron beam
is much greater (a factor of 1000 or more) than the average
atom velocity, we can consider the electron beam to be
crossing a region within which there is a density of atoms
Na‘ Then the probability 4P that an electron, in moving a
distance dz into this region, will be scattered by an atom
is given by:

dP = N, dz Q
whgre Q is the effective target area for scattering pre-
sented to an électron per atom or more briefly the total
collision cross section.

In reality, there is a flux of atoms propagating
in the y=direction through this region (see Figg 13 and 14)
and therefore we replace Na by Ja(x, z)/V where Ja(x,z) is

the atom flux density and V is the atom velocity. The fact
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that there is a distribution of velocities in the atom flux
is taken into account by integrating the scattering proba-

_——- . PN I i D JEURURE IRPRRE S FRY AR I TN

bility over -

dP’s [dPLVIdV
-a(iJ(m)QjJ.)c ’(_Y) CV;‘(V)

= dr T lo®) Q <-(,—7

TwE VetV M\ V/
where fA(V) is the normalized velocity distribution of
the atom beam flux.

If the atom beam is due to diffusion from an
ideal slit (see Section VII-B), then the normalized atom

beam flux velocity distribution will have the modified

Maxwellian form: mry3 -HV}/Q‘,T
=
+$.(v) T ©
where k is the Boltzmann constant and T is the temper-
ature of the source in degrees kelvin, With this particu-
lar distribution, a standard integration then yields:
L\ -
v - dhh?‘ ¢
This, in fact, is the reciprocal of the mean atom velocity
in the source as the following argument will show. The
beam flux velocity distribution is related to the normalized

velocity distribution in the source fo(V) by:

f.(v) = CVE(W)
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where C is a normalization constant. Since both distri-
butions are normalized, C = 1/V where V is the mean velocity
of the atoms in the source,

Therefore:

t7= c [LVEmdy
<E7 = cj-'-v (v)dV
(“\7/- =y

_ >
And: V = ( &T
MTT

The total number of electrons scattered* per

second Is is obtained from
I,-jjje(xd, L by) P’

where J_ (x,y) is the electron beam flux density. Expanding

this expression we obtain:
1\;: Q(‘é‘?j//(adyil -J;(x)y){(gz).

The above triple integral is known as the overlap

integral, Since the interacting electron and atom beans

*Under the thin target conditions which exist in the inter-
action region, there are negligible multiple collisions
and the number of scattered electrons equals the number of
scattered atoms,
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are rectangular in cross section, the overlap integral can
be easily evaluated with certain assumptions. The geometry
of the interaction region differs for each electron gun

- design, and therefore two evaluations of the overlap
integral are necessary. Figures 13 and 14 depict the

interaction region geometry for each gun design.

(1) 4-grid gun: in the equipotential region,
the height of the electron beam (.150", X-dimension) exceeds

that of the atom beam (.101"), The overlap integral is;
A 2 -4
EY Q aQ
[t [ [Tt T050%60) .
-A 4 v
‘ Q a

Assuming that the electron beam flux density is
constant over its width in the interaction region (y=-
dimension) and uniform over the height of the electron beam**

leads to:

sz w&).zn'f(n)

‘: x
I,

T

Q.

(e )4
J
7,

*x This particular assumption will be discussed further in
Section VII,
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where Ia is the number of atoms/second through the inter-

action region

I, is the number of electrons/second through the
interaction region

I =1I/e with I the measured electron gun current

e

and e the electron charge.

If we take the atom bean flux velocity distri-
bution to be a modified Maxwellian distribution, then the
empirical expression for the total cross section in the

case of the 4=-grid gun will be given by:
Q"'(L)Hv y (3)
—— A ————— 3
Z ) L/
' -grid gun: e equipotential region heig
(2) 3 d th tential h ht

of the atom beam (.067") exceeds that of the electron

beam (.057"),.,*** FPFor the overlap integral we have:
Ly
J£Jx jdy/ft {(’51)';;("))') .
4 1y

Assuming that the atom beam is uniform over its height

yields: _q;(le) = .1:_(!) /A

*#*The effective height of the atom detector is .238" which
is more than 3-% times the height of the atom beam in the
interaction region.
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and the above becomes

,Zfﬁl)cﬁl 'ﬂd&.lfaﬁfk ‘J.GQVD
Y
: II!/I\

The empirical expression for the total cross

section in the case of the 3=-grid gun is then given by:

L\ AV
Q-(?g)f/{ ' ()
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VI. SYSTEM PERFORMANCE CHECKS

To ensure that the electron gun and the detection
system were performing properly, the following studies

were made:

(a) Scattering=Out Signal vs. Flectron Gun Collector

Voltage:

With the atom beam intensity maintained constant,
data runs (at several different equipotential region voltages
for both electron gun designs) were taken to check that the
scattering signal was independent of the electron gun col-
lector voltage over a wide range of collector voltages.,

The results of these runs indicated that there was no sig-

nificant field penetration of the collector potential into

the interaction region and that secondaries from the col=-

lector could be neglected., Figure 15 displays two such rums.
(b) Scattering-Out Signal vs. Hot Wire Temperature:

At constant electron gun current and atom beam
intensity, the variation of the scattering signal with the
temperature of the hot wire was studied for all three alka-
lies. The detector wire must be hot enough so that its
response time is very much less than the time for one

modulation cycle (50 milliseconds). If the detector
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temperature is not sufficiently high, there will be surface
adsorption times large enough to cause an unwanted shift
in the phase of the detection signal. Over a wide range of
hot wire temperatures, it was found that both the peak
signal phase setting of the AC detection system and the
magnitude of the scattering signal remained the same.,
Below this range,_due to non-negligible surface adsorption
times on the hot wire for the ionized atoms, the peak phase
setting was different and the magnitude of the scattering
signal smaller. At temperatures above the constant phase
range, there is excessive hot wire noise due to emission
by the wire itself, and there is also danger of vaporizing
the wire,

(c) Scattering-Out Signal vs. Atom Beam Intensity:

At constant electron gun current and for several
equipotential region voltages, studies were made of how the
scattering signal varied with the atom beam. In Figure 16
are the results of one such run, indicating a maximum per-
centage deviation of 2% and therefore verifying the pro-
portionality of scattering signal to atom beam., This
linearity also verified the existence of thin target con-

ditions in the interaction region.
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(d) Scattering=0ut Signal vs. Electron Gun Current:

To make certain that the scattering signal was
linear with the electron gun current, data runs, at con=
stant atom beam intensity, of scattering signal versus gun
current were taken at a number of equipotential region
voltages. At all but the lowest voltages, the results
indicated linearity to a high degree over a wide current
range, IFor electron energies below .6ev, there was
linearity over only the lower portion ot the current range,
At higher currents, the results were very nonlinear due to
excessive space charge in the equipotential region. 1In
normal operation, the electron gun current at each
scattering voltage was set to be within the linear range.

Figures 17 and 18 display the results of two such ruans,



VII. DISCUSSION AND ESTIMATE OF EXPERIMENTAL ERROR

A, Random Error

The overall random error is primarily due to

noise in the atom beam, arising from vacuum fluctuations
and shot noise in the beam itself, Because of the overall
high degree of stability of the experimental system and
the accumlation of data for long periods, the statistics
of the measured total cross sections have been exceptionally
good: in the majority of cases the room mean square devie

ation was less than 5%.

B, Systematic Error

(1) Discussion

The best starting point for enumerating and
estimating the sources of systematic error is through con=
sideration of the empirical expression for the total cross

section:

Q- ( I \vy
I.) I/e (5)
where #is a geometrical parameter representing the inter=-
action region height of the atom beam for the 3=grid gun and

the height of the electron beam for the L4=grid gun. The

other quantities have previously been definsd.
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In using the L-grid gun, it was assumed that the
electron beam was uniform in density over its interaction
region height, This assumption was tested through use of
the 3=-grid design in which the atom beam was taken to be of
uniform density over its height in the interaction region.
For potassium over the electron energy range 1l.,5ev = 9ev,
the largest percentage difference found in the measured
cross sections obtained with both gun designs was about 7%

The eXpression for Q will be proportional to the
mean velocity of the atoms in the source if the velocity
distribution of the atom beam flux is a modified V-
Maxwelliam distribution. According to Miller and Kusch24,
who performed a series of experiments to determine the
velocity distribution of a thermal potassium beam, the bean
flux will have this V--5 distribution if certain conditions are
met on the oven design, namely:

(1) the oven is made of high thermal conductivity

material to avoid significant temperature gradients.

(2) the oven slits approximate an ideal aperture,

i.e. the slit width in the direction parallel to

the beam propagation is very much less than the

mean free paths of the atoms in order to eliminate
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scattering in the neighborhood of the slit.
The oven has been designed to conform with these requirements.
The mean velocity V is related to the absolute temperature
of the source (see Section V), and uncertainty in measure-
ment of the source temperature contributes to the overall
systematic error. In order to confirm the modified
Maxwellian velocity distribution of the atom flux, an inde=-
pendent measurement of the atom velocity using certain
properties of the recoil method has been made, This will
be fully discussed in section VIII).

In the relation for the total cross section is
the ratio Is/Ia‘ Because of this, uncertainties in the
detection system such as the gain of the electron multiplier
and the efficiency of the hot wire detector are removed,

Since the AC output voltage of the electrometer
is measured using a lock=-in amplifier, it is necessary to
accurately determine its gain. This was accomplished using
the built-in calibration of the instrument itself, As a
check on this calibration, some cross section measurements
were taken in which the lock=in amplifier was also used to
measure the electron current. In this mode of operation,

the gain of the lock=in cancelled out in the ratio of
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IS/Ie as well as any uncertainties with theduty cycle and
shape of the modulation pulse. The obtained cross sections
agreed with previous values to within 5%. Therefore any
error involved in the calibration of the lock=-in appeared
to be quite small.

Physically, the scattering=-out signal corresponds
to the difference between the number of atoms per unit time
striking the atom detector with the electron beam cut off
and the number strikipg the detector with the electron beam
present. This measured difference can to a large degree
be incorrectly related to IS because of the presence: of
backscattering (see Appendix A) in the electron gun and
because of deficiencies in the detection system. With res=-=
pect to the detection system, we have verified that its AC
response was unchanged over a wide range of hot wire temper~
atures, that the scattering signal remained the same at
several different modulation frequencies and was unaffected

by the selected input impedance of the electrometer,

(2) Explicit Estimate of the Systematic Error

Q (— )I/e

Consider:
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The scattering signal SS* = gu 3" 3‘"1'. IS
o B ¥ §

where 81 = gain of the lock=in amplifier

&g = gain of the Keithley electrometer

8rM = gain of the electron multiplier

¢ = efticiency of the hot wire detector
and the divisor 2.22 is present because the signal
deflection indicated on the lock-in amplifier
corresponds to the rms value of the peak amplitude
of the fundamental of the input square wave.
The full atom beam signal DCB** = gKgEMcIa.
The electron gun current signal Ig = fZGRI,

where-GR = the gain of a differential amplifier

VA the impedance in the plate circuit of the

electron gun

f = the modulation fraction, i.e. the amount
of each cycle that the electron gun is

not cut off., This was adjusted to

equal %,

*The measured scattering signal SS is the output voltage
(DC) of the lock=in amplifier.

**¥The full atom beam signal DCB is the DC output voltage of
the electrometer,
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The atom velocity V = (%)t

s (iﬁ'. % (Q‘H +Q500 Tt&))"
NT (;"
[

where GL = gain of a differential amplifier
TCR = a reading or signal derived
from a thermocouple mounted on
the oven.
All of the above leads to the following operational

expression for the total collision cross section:

2.22 (&. akamc) ( m.»asoni&)“"

3&’« )('fiG e.)

2,220 _._a.)’ﬂ;zc.# (ss amaswm){ @
(HI Su 14' G

where we have the following:

Q

.(6)

0
i

Parameter Estimated Uncertainty

-
. - 1% = 4 grid gun
¥ [

- 5% - 3 grid gun

1+

1%

1+

1%
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Parameter Estimated Uncertainty

L1 1%
1 ‘GL : 1.5%

+

TCR - 3%

I, Z 2%

55 [: 23 3 grid gun
2 11% 4 grid gun

DCB I 5%

The most probable error, then, in the measured

cross section due to systematic errors is:

§Q = =12% 4 grid gun
:l SYSTEMATIC ERROR.

2o 3 grid gun

C. Absolute Electron Energy Determination

Because of the presence of contact potentials and
space charge effects, the absolute energy of the electrons
éassing through the interaction volume is not equal to the
potential apllied to the electrodes defining the electron
gun's equipotential region. To determine the contact po-
tential and also the spread ih the electron energy distri-

bution, the standard technique of applying a retarding
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potential between the collector and the cathode (RPD method)
was employed. For the electron gun designs described previ=-
ously, the electrons were retarded in the region between

the slit anode and anode electrodes, This reduced space
charge effects since only a small f;action of the electron
beam was sampled and also prevented retarded electrons from
returning to the equipotential region. The potential ap-
plied to the slit anode was maintained fixed at 11 volts
above ground potential while the potential difference be~
tween the anode and the grounded cathode was decreased until
no electrons reached the anode, This technique has been
previously discussed in great detail in reference 23 and
Figure 19 is a schematic of the circuitry.

The electron energy distribution or spread about
the central energy at a particular applied equipotential
region voltage is determined by tracing a retarding potential
curve and measuring the curve's full width at half maximum
(FWHM). A typical curve is shown in Figure 20. Since there
is extra space charge produced immediately in front of the
anode due to the retarding of the electrons, this method
tends to give a somewhat larger energy spread than probable.

By taking a series of RPD curves at progressively smaller
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applied scattering voltages (and consequently smaller
current densities), the effects of space charge are re-
duced to a degree where the point of zero effective ki~
netic energy of the electrons in the equipotential region,
and thus the contact potential, may be determined, but
only to = ,lev. (See Fig. 21) This undertainty derives
from a lack of precision in defining the cutoff point of
the electron energy distribution.

Space charge effects in the interaction region
require a further correction to the measured electron
energies, This correction is made by calculating for a
given current density the electrons! energies over that
portion of the equipotential region intersected by the
atom beam, For both electron gun designs, the calculation
is outlined in Appendix B.

We estimate that the obtained absolute electron
energies are uncertain by z .15ev with an average energy
spread (FWHM) of approximately 275 millivolts for the
higher electron energies (22ev) and £220 millivolts for the
lower electron energies. This determination of the absolute
electron energies has been confirmed by an independent

method which utilizes properties of the recoil technique
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and is discussed in the next section.
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VIII. INDEPENDENT MEASUREMENT OF ATOM VELOCITY AND

ABSOLUTE ELECTRON ENERGY

This technique required that the atom beam be
velocity selected., To accomplish this, a Stern=Gerlach
type magnetic velocity filter was employed (see Figure 22
for some details of the magnet design) with the oven
laterally offset from the axis of the system, The amount
of this offset is directly related to the fractional spread
in atom velocity about the selected velocity through the
simple relation:

AV . w (Qedirds)
Vv = s 2, (8)

where: AV is the spread in the atom velocity about the
selected velocity
Vo{ the selected velocity, is usually the most
probable transmitted velocity
w is the width of the slit opening on the oven
orifice:
S is the amount that the center of the oven

opening is offset from the system axis
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11,v12, l3 are system dimensions.

This is depicted schematically in Figure 23, In reference
25, equation 8 is derived, and this mode of velocity se-
lection is described at length, The magnitude of the off-
set S was such that AV VR

Vo

Complete details of this measurement of atom
velocity and absolute eleciron energy, and the theory be=
hind it, are fully discussed in references 15 and 26.
Below, a brief summary is presénted.

The method consists of locating a peak in the
differential scattering-in signal as the detector is swept
horizontally across the atom beam in the direction of the
scattering. The peak occurs for two reasons:

(1) the detector collects ail atoms raised

from the ground to the first excited state by

electrons scattered through zero degrees(polar).

(2) the inelastic cross section is peaked in the

forward direction.

The basic features of the recoil process are illustrated in
Fig. 24. A velocity selected atom beam travelling in the

y direction is intersected at right angles by an electron

beam travelling in the z direction. @ and ¢ are the polar
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and asimuthal angles of the scattered electron while the
trajectory of the scattered atom is characterized by the
angles f'and x . The detector can be displaced so that
the atom scattering signal can be measured as a function
of the asimuthal angle I‘ « Also from momentum transfer
considerations, the azimuthal angle of recoil of an atom

excited by an electron scattered through zero degrees is

Y’-‘%(/-*’)

where v is the initial electron velocity, v' is its

given by:
(9

velocity after the collision and V is the atom velocity.,

The horizontal displacement of the peak is given by 2 = Ljf,
where L is the distance between the center of the inter-
action region and the plane of the detector, In terms of

the excitation energy Ex and the initial electron energy E,
Y
7 =m L le)&{[-([-g){
MV -~ E

where both Ex and E are in electron volts. From this

we obtain:

(10)

relation both the atom velocity and absolute electron

energy were determined in the following manner.,
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Using a cesium aton beam, a large enough voltage
(31 volts) was applied to the equipotential region so that
the error or uncertéinty in the retarding potential
determination of the contact potential was a very small
fraction (¢1%) of the electron energy. Then the excitation
peak (for Cs, the transition 6S~»6P, E, = 1l.45ev) was
located and its displacement Z off the axis of the un-
scattered atom beam measured. The peak in the differential
scattering signal is sharper‘at higher electron energies
(Z20ev) since the spread in the electron energy distribution
is at these energies only a very small fraction of the -
central energy. The atom velocity V followed at once from
solution of equation 10, Maintaining the atom velocity
constant, smaller voltages (5 volts, 4 volts) were applied
to the scattering region and total cross section data runs
taken, Substitution of the measured atom velocity into the
empirical expression for Q (equation 5) yielded values for
the total cross section. These were compared with data
obtained without a velocity selected atom beam and with the
atom velocity derived from measurements of the source
temperature, Within the estimated uncertainties, the two

methods of measurement showed excellent agreement (percentage
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difference 5%) and consequently lent credence to the
assumption of a modified V3 Maxwellian velocity distri-
bution for the atom beam flux.

The same relation was used to determine absolute
electron energies. For different applied scattering voltages,
the excitation peak is found at different displacements.
Keeping the atom velocity constant throughout, the measure-
ment of each displacement at once -yielded the corresponding
absolute electron energy.

For both the measurement of the atom velocity
and the absolute electron energies, the main sources of
error were in the precise location of the excitation peak
(uncertainty of z .001"), in the spread of the atom ve=-
locities about the selected velocity, and in geometrical
measurements, These céuse the electron energies determined
by the recoil technique to be uncertain by = «1l5ev. 1In
Table I are listed the results of three such determinations
and the corresponding electron energies obtained frbm the
retarding potential method (RPD) and space charge depression
calculation,

Although this technique is applicable only above

threshold, the fact that its absolute electron energies
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agree with those of the retarding potential method modified
by space charge corrections gives confidence that this

latter method is valid at energies below threshold.
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TABLE I

Comparison of Absolute Electron Energies determined by two methods

Equipotential Region Voltage Absolute Electron Energy

RPD=-Space
Recoil Method - Charge Calc,
9 volts 8% .15 ev 7.9 = .15 ev
? volts 6 = .15 ev 5.9 = .15 ev
L volts 3 z «15 ev 2.9 - .15 ev




IX, RESOLUTION

In the atom beam recoil method, for total cross
section measurements, the detector is normally situated on
the axis of the unscattered atom beam, and an electron-
atom collision is observed only if the atom has departed
enough from its initial trajectory to miss the detector.
In this case, the worst minimum angle of resolution of the

system is given by: I = W

° T
where jE’ is the atom azimuthal scattering angle
A is the full width of the atom detector (.010")
l. is the distance between the plane of the
detector and the center of the interaction
region.

Figure 25 depicts the trapezoidal distribution -
resulting from the collimation imposed upon the effused
atoms - of the atom beam in the plane of the detector., In
the umbra region the source is completely unobscured, while
in the penumbra regions the atom intensity as "seen" by an
infinitely narrow detector varies linearly with displacement
since the amount of exposed source varies in this manner.

For a detector of finite width, the atom beam's half-width

62



can be obtained from the calculated geometrical profile by
considering the observed beam intensity to be the integral
of that portion of the trapezoid that is included within
the detector width., This has the effect of rounding off
the sharp edges of the trapezoid. Figure 26 displays the
results of such a calculation, It is to be noted that the
half-width obtained from the system geometiry agreed to
within 5% with half-widths determined from measured profiles
of the atom beam,

Referring to Fig. 25, if the detector is dis=-
}placed a few mils anti-~parallel to the electron beam, the
experimental resolution will be improved. This happens
because the resolution is affected by two considerations:

(1) the distribution of atom beam within the
region of the detector (region B) since this determines
the percentage of atoms within B that miss the detector,

(2) the amount of atom beam to the right of the
detector (region C) which determines the percentage of
scattered atoms that are scattered into the detector.,

Thus when the detector is displaced as indicated
above, the number of atoms in region C is decreased, and

some atoms that previously were collected by the detector
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will now miss it with the result that the scattering-out
signal increases. The resolution therefore has been im=-
proved, The further the detector is displaced to the
right, the more improved will be the system resolution. 1In
principle, the minimum resolved atom scattering angle could
be reduced to zero corresponding to perfect resolution.
However, as the detector is moved off axis, the signal to
noise ratio continuously worstens due to a progressive
decrease in the level of the atom beam signal. This makes
it impossible to experimentally achieve perfect resolution.
Therefore, because of the finite resolution of the apparatus,
the cross section that is measured, Qm, will always be less
than the cross section QT that would be measured with per-
fect resolution,

If we consider a sliver of atom beam, of width
dz, contained within the:regbn of the detector (see Fig. 27),
then for this element the relation between the measured total
cross section and the perfect resolution total cross section
is given by:

6%
AQ, = AQ) + T / v(8) in0 6
° (12)

where the integration is over the unresolved small angle
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scattering, with T(Q) being the differential cross section
and (5* the smallest resolved electron polar scattering
angle., This is the electron angle corresponding to the
‘1?&
minimum atom angular deflection necessary to miss the
detector. 6* varies over the detector width as does the
atom beam., To take into account both of these character-
istics we average the expression (12) over the distribution

of atom beam within the detector region, This yields:
- o*

J &t L@ [ o) sivd L6

Ay °

jwo&t Z,0%) (13)
w2

where I, (t) represents the atom beam intensity per unit

@r = Qm* ar

length within the detector region and can be evaluated from
the geometrical trapezoidal distribution.

For elastic scattering events*, the atom azimuthal
scattering angle f is related to the electron angle o by
the mementum transfer relation:

P = 4&‘!\!5 (/-co.ra)
Mmv

(14)

*We only have to consider elastic scattering because the
inelastically scattered atoms suffer deflections that are
large compared to the dimensions of the detector.
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where E is the electron energy. Assuming that the differw.
ential cross section is constant over the small range of
anglés spanned by the detector width and utilizing eags.

13 and 14 we obtain:

®
oo e Lot
-e J{“qquﬁzyz)
ok 4

where dz = LJf
z: [ P*

.FR‘ (:lm'E)%1 (I-caa")
MV

and u-(O) is the differential cross section at
zero degrees,

Referring to Figure 27, I!JH{"I and this leads to:

o 4
Q= Q + My vl L-‘rff RO regr-2]
(IneE)% L } g It

The term in brackets in the above has the units of length
and can be physically interpreted as representing the
effective width of the detector. We will designate this
quantity by&X., It is clear the;.t AX decreases as the de=~
tector is moved to the right. Equation 15 indicates that
Qm should increase linearly with decreasing &8X, approaching

Qp as AX~»0. Thus it should be possible from a plot of
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Q, Vvs. A X to obtain Qp by extrapolation to AX=0.

For rubidium, Fig. 28, and for cesium, Fig. 29

present some results on the variation of Qm with 4 X,

The behavior appears to be linear but the poor statistics

prevent a very good extrapolation. The extrapolated curves

for rubidium indicated the following percentage differences

between QT and Qm:

5% at electron energy 7 ev
4.8% at electron energy 4 ev
2.4% at electron energy 2 ev

The curve for cesium indicates a percentage difference of

7.l at an electron energy = l.9ev.

With the detector displaced ,006" off axis,

there is no atom beam to its right and & X = ,0026", 1In

Table II for each of the alkalies studied, we present

values of the effective minimum resolved electron scattering

angle 6 min at three different electron energies**, It can

be seen that éaxnin increases both with decreasing electron

**These values were obtained by solving equation 14 for j?
over a range_of electron energies,

as a function of
Comparison of the results with . aaX/L.  then
yielded @ _;, at each electron enBtBy,
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energy and with increasing étom mass., However, we cannot

at present definitively state that the resolution improves
as the electron energy increases. This is because at higher
electron energies increases in the small angle scattering
could offset the decrease in emin' This was in fact

reflected by the results for rubidium in Fig. 28.
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TABLE IT

Unresolved small angle scattering for K, Rb and Cs at several electron energies

Effective Electron

Alkali Electron Energy (ev) Resolution Angle
Potassium 1 7.7°

3 5.8°

5 5.1°
Rubidium 1 11,8°

3 9.9°

5 8.9°
Cesium 1 15.10

3 11.4°

5 10.1°




X. EXPERIMENTAL RESULTS AND EVALUATION

A, Pre-~Data Taking Procedure

Prior to each data run or group of data runs,

a series of checks and calibrations were made to ensure
that everything was working properly. They are briefly
described below:

(1) The digital system was calibrated with a
standard cell. This permitted the conversion of each
recorded number into an absblute input voltage.

(2) The digitized electron gun current measure-—
ment was verified through use of a precision microammeter,
and the digitized oven temperature reading was checked with
a potentiometer,

(3) The gain of the lock-in amplifier was checked
by employing the internal calibration of the instrument.

(4) The output voltage of the electrometer was
calibrated against several known inputs,

(5) Using the digital system, a point by point
profile of the atom beam half-width was compared with that
obtained from the calculated geometrical profile.

(6) The absolute electron energies and electron

energy spreads were checked by retarding potential measure-
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ments.,

(7) For each alkali investigated, the phase of the

lock=in amplifier was carefully adjusted.

B. Results

In Figures 30 and 31 are shown total cross section
data on rubidium and potassium obtained with both the 3=grid
and 4=grid electron gun designs. These cross sections
were measured with the atom detector centered on the axis
of the unscattered atom beam, and the plotted values demon=-
strate excellent agreement between the two guns., The fact
that there was such good agreement in measured total cross
sections derived from two gun designs with significantly
different interaction region geometries (see Section V)
removes the possibility of any large source of error arising
from assumptions made about the electron and atom beams in
the interaction volume,

Figure 32 displays two total cross section curves
on rubidium taken with the 3=grid electron gun design. There
is a quantitative, but not qualitative, difference between
the two sets of points. The smaller magnitude values were
obtained with the atom detector on axis while the larger

values reflect the improved system resolution derived with
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the detector displaced .006" off axis.* On the average,
the improvement in the system resolution resulted in about
an 8% increase in the magnitude of the total cross sections,
The results of our total cross section measurements
on potassium, rubidium and cesium are presented in Figures
33 = 35, These cross sections were obtained with the 3=grid
electron gun and with the atom detector displaced ,006" off
axis, At all electron energies, the statistical deviation
of the data was less than z 6%. Fach point represented a
total integration time of at least ten minutes taken in
intervals of 80 seconds. The most probable systematic error
for this data was estimated to be less than i9%, and the

. . . +
electron energies were considered to be uncertain by - .l1l5ev.

C. Comparison With the Results of Others

In Figures 33 - 35 are also shown both the theo-
retical and experimental results from other sources., From
examination of Figure 33, it is quite apparent that the

potassium cross sections of the present experiment are in

*As indicated in Section IX, at this detector displacement
there is no atom beam to the right of the detector and
therefore no scattering=in,
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excellent agreement with the close coupling calculations
of Karule4 and Karule and Peterkop5 as well as being very
close to the measurements of Collins1o. Over most of the
investigated electron energy range, our potassium values
lie above those of Collins. Most of the discrepancy can
probably be explained by our improved system resolution
since Collins measured total cross sections with his
detector centered on the atom beam axis. Below 4ev be=
cauée of difficulties with his electron gun due to excessive
space charge**, Collins did not make any claims concerning
the accuracy of his results. Above .4ev, he assigned an
uncertainty of iZO%. Below .Dev the cross section varies
s0 rapidly with electron energy that disagreement between
our results and the theoretical predictions can most likely
be attributed to the umcertainty in our electron energies.
For potassium our lack of perfect system resolution was
investigated by using Karule's phase shifts to determine

the amount of unresolved small angle scattering. At one ev

it was found that there should be less than a 5% difference

*#*These difficulties involved non-linearity of the scattering
signal with electron gun current.
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between our total cross section measurement and Karule's
calculation., This is consistent with what is shown in
Figure 33.

In Figure 34 our total cross section values for
cesium are plotted as well as theoretical predictions by
Crown and Russek6*** and Karule and Karule and Peterkop.
Below 1.5ev it can be seen that the disagreement with the
theoretical values is well beyond the estimated uncertainty
of our results, With their calculation showing a definite
minimum at 22 ,6ev, our disagreement with Crown énd Russek
is qualitative as well as quantitative. This minimum was
not found by Karule, and because of the difficulties
associated with the adiabatic approximation (discussed in
section II) it is felt that this minimum is spurious.
Based on the resolution investigation shown in Fig. 29, we
feel that the quantitative difference between our results
and those of Karule cannot be attributed to our imperfect

system resolution., However, it is possible that the wave=-

functions used by Karule for cesium were in error since,

#%*Crown and Russek employed the adiabatic exchange approxi-
mation using a combination of core, monopole and induced
electric dipole potentials,
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as mentioned in section II, atomic wave functions calculated
for cesium using a different potential yielded different
total cross section values.

In the case of rubidium, it can be seen from Fig,
35 that the results of the present experiment disagree with

S at most electron

the theoretical predictions of Balling
energies by more than our estimated experimental error,
Considering the resolution investigations at three different
electron energies displayed in Figure 28 and also the out-
come of using Balling's phase shifts to calculate the
unresolved small angle scattering, we concluded that the
discrepancy between our data and Balling's was not due to
resolution,

For all three alkalies it is apparent that our
measured cross sections are in much closer agreement both
quantitatively and gqualitatively with existing theoretical
and experimental data than are the measurements of Brode.

In no case do we obtain the broad maximum which was gotten
by Brode for all three elements. This maximum was approxi=-
mately one volt wide and with our electron energy resolution

being less than 300 millivolts (FWHM) it does seem possible

for us to have missed it.
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D. Conclusion

We have made measurements on low energy electron
scattering with potassium, rubidium and cesium. In carrying
out these measuremehts, we have made strenuous efforts to
remove and reduce and account for every possible source of
error: systematic, statistical and resolutional. For all
of our data there is substantial disagreement with the
earlier measurements made by Brode but good to excellent~
agreement with some recent experimental and theoretical

results. Therefore we must conclude that Brode's data is

in error,

76



APPENDIX A

Some of the electrons which pass through the
interaction region will be intercepted by the mesh of the
fourth grid of the electron gun and reflected back. These
electrons, travelling at low velocities, have a high proba-
bility of collision with the beam atoms, Such collisions
are referred to as backscattering and cause a spurious
increase in the scattering=out signal.

As a result of being backscattered, an atom recoils
directionally opposite to that of normal scattering.. Con=-
sequently, to check for the presence of backscattering, the
atom detector is swept across the atom beam in a direction
opposite to that of the electron beam and-a profile of the
AC signal (output of the lock-in amplifier ) versus detector
position is taken., (The backscattering signal, if present,
is a scattering-in signal, and thus like the differential
scattering signal will be 180° out of phase with the
scattering-out signal.) Such profiles (traced out by a
Varian X=Y recorder) were taken over the range of electron

energies studied,

In the case of the 3=grid gun, no backscattering
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signal was detected., But for the 4-grid gun, the profiles
indicated the presence of backscattering. Fig. 36 is a
reproduction of one such profile, The percentage of back=
scattering was found to be dependent on the electron energy.
At the higher electron energies (»4ev), there was little

or no backscattering seen and therefore it was neglected
here. However, at lower electron energies, a correction
procedure was necessary. This correction was made by
referring to the traced profile at each considered electron
energy and calculating the ratio R of the area: under the
backscattering curve to that under the differential scatter-
ing curve. (Instead of employing the recorder to obtain

a profile, the digital system can be used to plot a point' by point’
profile.) The ratio was 1érgest, approximately .1, at the
lowest electron energies studied., Consequently, for total
cross~sections measured with the 4-grid gun, the corrected
values for Q were obtained from the relation:

Q = (1-R) Q,

where Qm was the directly obtained cross section. Because
of the uncertainties associated with this correction pro=-
cedure, the scattering=-out signal SS for the 4~grid gun was

assigned an additional uncertainty of = 10%.
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APPENDIX B

Space Charge Depression Calculation

The following is an abbreviated presentation,

abplied to the electron gun designs employed, of the de=
tailed investigations by Haeff27 of space charge effects
in a long magnetically focussed electron bean.

Consider a uniform parallel beam of electrons of
current density j amps./cm2 entering a region which has two
dimensions very much greater than the third. (See Figures
37 and 39) In the absence of the electron beam, the region
potential is constant and equal to the potential Vb estab-
lished on the boundaries. The presence of an external axial
ﬁagnetic field, of strength approximately 1200 gauss, pre=
vents lateral spreading of the beam to any great extent.
Then, according to Haeff, Poisson's equation in one dimension
is applicable to calculating the effects of the space charge
of the electrons along the direction of the small dimension,
Case I: L4=grid design gun

Referring to Figure 37, the potential at any point
x within the region is given by:

dVE) _ - 4T, T

K.'
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where f is the volume charge density, related
to the current density by j = 1f(x) v(x) and
% nve (%) = eV(x).
This leads to the equation

dVe . (2Lw% Ve <

o ¢ y (2)

After integration we have:
&
£ (Vook= VX )F (Ve + 24t) = 2 (675 )
3 (3)
where Vo is the minimum value of the potential
in the region, occur¥ing at its center because
of symmetry (see Figure 38). V, can be obtained
by setting x=b in the above equation.
Employing an iteration technique, this equation
was solved by computer for V(x) for a series of values of
x and j. At any boundary potential Vb’ there is a maximum
current density, corresponding to Vo = 0, which can be
passed through the region. 1In actual practice, the electron
gun was operated with currents such that, in the worst case,

Vo differed by no more than .1 volts from V.. Over the

width of the atom beam in the interaction volume (£ .010"),
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the variation from V  was € .05 volts, and therefore V, was
taken as the average potential of the electrons traversing

the atom beam.

Case II: 3=grid design gun
Referring to Figures 39 and 40, the potential at
any point x for which -a2$ x€ a:is given by equation 3.

For a<x%b, P = 0 and we have:

Y .Yk

A b (4)
Matching this at x=a with a relation derived from

the first integration of Poisson's equation and substitution

into equation 3 yields the two expressions:

( \/"' \./,_)[3\/58"- a(\,['vo.)‘j = :(I::S

(5)
» bR
\éf" k;‘ - (\(-Vﬁ.)
" (6)

where § = (l‘ﬂ:,‘){ (_a"..:..'_)*“ (6-&) .

The Newton=-Raphson iteration method was used to

solve the above equations by computer, Va and vo were

obtained as functions of the boundary potential Vb and the

81



current through the equipotential region.

As in case I, equation 3 was employed to obtain
the potential for various values of x within tﬁe confines
of the electron beam and over the entire current range.
In effect, the variation in electrostatic potential over
the atom beam in the interaction region was mapped out.

The amount of current passed through the equipotential

Tegion was such that the space charge depression correction

for the electron energy was at most .1 volt.,
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