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A. GENERAL SURYEY

1. Introduction

When an electron is sent toward an atom there
may be an interaction between the atom and the
electron. For high speed electrons, it is possible
to observe such a collision process by a Wilson
cloud chamber. For low speed electrons, i.e., less
than 1000 volts, we can send a stream of electrons
through a random distribution of gas atoms and
observe the distribution of electrons coming from
the gas, the number of positive ions formed and
the amount of radiation emitted by the atoms.
Although we are working at pressures so low
that only one collision, ionization or excitation is
likely to occur in the volume of our gas, we are
still concerned with a statistical problem that
tells us only the probabilities of collision,

25

excitation, and ionization. The theoretical solu-
tion of the problem by wave mechanics also can
give us only the probability of these processes.

The collisions of electrons with atoms are
divided into the two classes, elastic and inelastic.
By an elastic collision we mean one in which the
electron loses only that amount of energy
necessary for the conservation of momentum in
the collision process. In an inelastic collision the
electron loses an amount of energy determined
by the quantum states of an atom that is either
excited or ionized. In a process involving ioniza-
tion it is not possible to distinguish between the
ejected electron and the ionizing electron after
collision. It is moreover possible in an elastic
collision for the electron sent at the atom to
remain with the atom and one of the electrons of
the atom to be ejected with the energy of the
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impinging electron. Such interchange processes
are considered in the theoretical studies of this
problem. We are not concerned in this study with
the evaluation of the energies involved in these
inelastic collisions, but in the probability of such
processes as a function of the energy or velocity
of the electron.

and

(S,+S,)2» sin 8d8+ S 2» sin 8' {3)
0

The lower limit of the last integral must not be
extended quite to 0 as the initial beam of
particles that have passed through the gas
without being influenced by the atoms would
then be counted as having collided. Experi-
mentally this difficulty in the definition of a
collision is removed by the fact that as 8 ap-
proaches zero, S. sin 8 is observed to approach
zero, and this enables one to extrapolate the
value of the integral to 8=0, omitting the original
beam.

The probability of a collision in a distance Cx
in a gas at a pressure p is P,pdx. A current of
electrons of strength I passing through the layer
dx is decreased by

dI = —IP,pdx.
Hence

I=I~—&e*n (4)

where I0 is the initial electron current in the
beam and I is the electron current after passing a
distance x through the gas at a pressure p.

The mean free path, X, is the average distance
travelled before colliding and is given by
p A=i jP, =X0 the free path at unit pressure.
The dimensions of P, are l 'p ' or Pl—'p ' or area,
per unit volume, per unit pressure. P. can there-
fore be considered as the effective area for
collision of all the atoms in a unit volume at unit
pressure. This is a very convenient description of
the probability of collision, but one is not
justified in ascribing this area to any particular
part of the atom. In the equation for the decrease
in current in the beam of electrons, the proba-
bility of collision enters in exactly the same way
that an absorption coefficient enters in the
decrease in intensity of x-rays or of light in
passing through matter. Lenard' called the
coefficient P. the absorbing power, and a large
number of the workers in this field have used the
designation absorption coefficient for this quan-
tity. We know, however, that the electrons are
for the most part scattered and that true
absorption by attachment is a rare process.

P, = S 2» sin 8d8;
0

S'

P; = S;2» sin 8'
0

(2) ' P. Lenard, Ann. d. Physi 12, 714 (19M).

2. Deflnitions and nomenclature

The probability of scattering, S, is defined as the
number of electrons scattered, per unit electron
current, per unit path length, per unit pressure at
O'C, per unit solid angle in the direction 8 to the
original beam.

This probability of scattering can be divided
into three parts: (1) probability of elastic scatter-

ing, S.; (2) probability of scattering mQk excitation,

S; (3) probability of scattering ioitk ionization, S;.
The total number of electrons that are scattered
elastically and inelastically in all angles equals
the number of collisions. Attachment of electrons
to form negative ions, although an infrequent

process, is to be classified as an inelastic collision.
The probability of collision, P„is the number of

collisions, per unit electron current, per unit path
length, per unit pressure at O'C.

The probability of ionization, P;, is the number

of ions formed, per unit electron current, per
unit path length, per unit pressure at O'C.

The probability of excitation, P„ is the number

of excited atoms formed per unit electron
current, per unit path length, per unit pressure
at O'C.

The probability of excitation must be specified

as the probability of excitation to a particular

energy state of the atom; and the probability of
ionization must be specified as the probability of
single ionization, P&;, or the probability of double

ionization, P~„etc.
The efficiency of ionization, E;, is the total

positive ion current per unit electron current, per
unit path length, per unit pressure at O'C.

The probability of excitation is related to the
probability of scattering with excitation by the
equation:

(&)
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Darrow' has preferred the designation "likelihood
of interception, "in place of absorption coefficient.
The probability of ionization and the probability
of excitation have been generally accepted as the
nomenclature designating the number of ioniza-
tions and excitations. The nomenclature of the
angular distribution of scattered electrons is
commonly the expression, the probability of
scattering. Consistent with this nomenclature we
will use in this discussion probability of collision
in place of absorption coe%cient.

In discussing the characteristics of a single
atom it is often convenient to use the designation,
"egec$iec cross secliee for collision, " in place of
"probability of collision. "The effective area of a
single atom q is found by dividing P, by the
number of atoms per unit volume, per unit
pressure. If the unit of pressure is one mm of Hg
at O'C, and the unit of volume is one cm', then

q =0.281 X10 "P,cd. The radius r of a circle of
this area may be described as the effective radius
of the atom for collision and is given approxi-
mately by

r=0.3(P,)&X10 'cm.

Many observers, especially in the measure-
ment of the probability of excitation, express
their results as the ratio of the effective cross
section for excitation, 0.281X10 "P„ to some
other cross section. Some use the mean radius of
the atom, as observed. by diffusion or other
"kinetic theory" experiments, to compute a
reference cross section Pxr. Others use the
probability of collision and express their results
as the ratio of P,/P, . This procedure has led to
much confusion, since usually the value of the
area is not given and different observers use
different tables of atomic radii. The probabilities
of excitation, ionization, and collision are all
direct results of the experiments and should be
stated explicitly. Occasionally a comparison with
other cross sections is illuminating. Such com-
parisons should be accompanied by the specific
value of the cross section used as a standard for
comparison.

3. Experimental precautions

In many cases it will be found that these
probabilities change rapidly with the velocity of

' K. K. Darrow, Efcctrical Pkcsomesa es Gases, p. 136,
(Williams and Willtins, 1932).

the electron, and hence it is necessary to define
sharply the velocity. Multiple collisions must be
avoided since the velocity and direction of the
electron are indefinite after the first collision. In
the measurement of the probability of collision,
Eq. (3), the limit of integration 3 varies with the
angle of the collecting aperture as seen from any
point in the beam. The influence of this source of
error will be discussed in Section 19.

The region in which the scattering takes place
is assumed to be a field free space. It is therefore
necessary to guard carefully against contact
potentials and stray electric fields. The electron
beam itself produces a disturbance of the electric
field in the scattering region. Above the ioniza-
tion potential the positive ions produced by the
beam build up a potential gradient about the
beam. Arnot' has measured the velocity of
ejection of the positive ions at right angles to an
intense beam of electrons in mercury vapor. The
maximum velocity of the ejected positive ions
corresponded to a potential drop of 2 or 3 volts. A
radial potential of this order of magnitude would
be very important in reducing the effect of small
angle scattering.

At large current densities the probability of
collision with a positive ion or excited atom
along the path may become comparable with the
probability of collision with an atom. The
probability of collision with ions or excited atoms
will be proportional to the current as the number
of scattering centers increases with the current.
These effects can be reduced by using small
currents or by varying the current density and
making corrections for the deviation from line-
arity introduced by the ions or excited atoms.

In the measurement of the probabilities of
scattering, these space charge effects must also be
avoided. The volume of the gas, eHective in
scattering, is often difficult to estimate, especially
when collecting particles that were either scat-
tered in nearly the same direction or backward to
the direction of the initial beam. The efficiency
of the collector is important, especially when
retarding potentials are applied to separate out
the number of elastic from inelastic particles. As
will be seen later, these applied fields are liable to
change the size of the aperture effective in
collecting scattered electrons.

' F. L. Arnot, Proc. Camb. Phil. Soc. 2'F, 73 (1931).
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The measurement of the probability of exci-
tation by single impact is complicated by
reabsorption of resonance radiation and second
kind collisions of excited atoms with other atoms
or with electrons which reduce the intensity of
the emitted radiation. %hen excited by a high
velocity electron, the atom may be raised to a
state where several spectral lines are emitted and
the radiation corresponding to the excitation of
lower states will be enhanced by the radiation
emitted as one step in the return of the atom
from a higher state.

The production of a beam of electrons of
nearly the same velocity is an important part of
all of the experiments described in this paper.
Causes of the wide spread of velocity are the
thermal energy of the electrons emitted from the
source, and the difference in potential of different
parts of the emitting surface. A spread of
velocity is also produced by the passage of the
beam through narrow slits. Lehman and Osgood'
have investigated this last factor and found it to
be quite important. The spread of velocities can
be reduced by several methods. An equipotential
source of electrons can be used. Accelerating
fields can be arranged so that the electrons are
focussed towards the centers of the slits. If the
electron beam is de6ected by a magnetic or
electric field, a series of slits can be arranged so
that electrons of only a narrow velocity range will

be selected.

4. Methods of measurement

The essential features of the experimental
apparatus for the measurement of the proba-
bilities of collision, excitation, and ionization, are
indicated in Fig. 1. From a source Felectrons are
accelerated through an opening Si and travel as a
beam along a path length x through a second
opening Sz and into a collector C. For the

measurement of the probability of collision the
volume bounded by Si, A, Ss, and 8 is a field free
space. If Is is the current entering Si, and I the
current entering the collector, then I=kIse ~~*&,

where Ji is a factor representing the fraction of the
initial beam that would have reached the collector
if there had been no collisions with gas atoms.
Taking the logarithm gives,

log (Ip/I) + log 1't =P~p. (5)

If either x or p is varied and log (Ip/I) plotted as
a function of xp, the slope of this line will be the.
probability of collision.

If a small potential is applied between A and 8
the positive ions formed by the electron beam in
the region between Si and Ss can be measured.
By keeping the pressure low so that the proba-
bility of two collisions in the path length x is
extremely small, the probability of ionization
will be given by I„/Is ——P,xp. For higher ve-
locities the positive ion current, I„must be
separated into the parts caused by singly
charged ions, doubly charged, etc. The proba-
bility of excitation can be studied by focussing
light from a definite volume of the beam on a
thermopile, photo-cell or photographic plate and
calculating the total number of quanta of
radiation emitted in all directions per unit path
light, per unit pressure at O'C, per unit electron
current.

The probability of scattering is measured by
the arrangement of apparatus shown in Fig. 2. A
beam of electrons from a source F is sent through
the slit Si into a gas at low pressure. A small
percentage of the electrons will have collisions
with gas atoms in the region intercepted by the
limiting lines drawn through the collector slits
Ss and Ss. The current to the collector measures

qi c

Fio. 1. Apparatus for the measurement of the probability
of collision, excitation and ionization.

' J.F. Lehman and T. H. Osgood, Proc. Roy. Soc. A115,
N9 (1927).

FiG. 2. Apparatus for the measurement of the probability
of scattering.
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the number of electrons scattered from this
region. By applying a retarding potential be-

tween the collector C and the slit Ss or by the use

of some other velocity or energy analyzer the
probability of scattering elastically, inelastically
with excitation, and inelastically with ionization
can be observed.

In addition to these experiments which give
directly the values of the probabilities, there are a
large number of physical phenomena which

depend on these quantities. Where the depend-
ence is simple, it is possible to get quantitative
values for the probabilities. The most important
of these indirect methods for the measurement of
the probability of collision are the experiments of
Townsend' on the diffusion of electrons in gases.
An electron moves through a uniform potential
gradient in a gas at relatively high pressure. It
has many collisions and is deflected through
various angles in each collision. Since it is

accelerated in the direction of the electric field,

its velocity varies throughout each free path. The
results of the measurements of diffusion for low

velocity electrons give values for a probability of
collision that agree very well with those measured

more directly. The chief advantage of the
diffusion method is that it can be used to extend
observations to very low velocities. Where the
free path of the electrons changes rapidly within

the range of speeds acquired by the electrons, and

where the scattering on collision is far from

uniform with angle, the diffusion experiments

may give results that do not correctly represent
the actual variation of probability of collision

with velocity.

B. PROBABILITY OF COLLISION

5. Lenard's measurements

The first quantitative study of the interaction
of electrons with atoms was the measurement by
Lenard' of the probability of collision (called by
him absorbing power). The method devised by
Lenard is that which already has been described
in Section 4. The arrangement of Lenard's
apparatus is shown in Fig. 3. Photoelectrons were

4 J. S. Townsend, Phil. Mag. 42, 873 (1921). J. S.
Townsend and V. A. Bailey, Phil. Mag. 43, 593 (1922); 44,
1033 (1923); 46, 657 (1923). H. L. Brase and E. H. Saay-
man, Ann. d. Physik S, 797 (1930);7, 588 (1930).

s P. Lenard, Ann. d. Physik, 12, 714 (1903).
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FtG. 3. Lenard's apparatus for the measurement of prob-
ability of collision.

liberated from a zinc plate Z. The electrons were
accelerated to a grid ¹

and passed with uniform
speed through the field free space between

¹
and¹.Some of the electrons passed through the

aperture A and were collected in the box C which
was connected to an electrometer E. The total
current G from the plate was measured by a
galvanometer. The currents Gs and Es were
measured with only the pressure of the residual

gas pp. A small amount of gas at a pressure p,
was admitted and the currents Gt and Et
measured. From Eq. (5), Section 4,

&.=I:Il (P —P)j Dog (GoIE.) —log (G IE)j.
In Lenard's apparatus the beam of electrons

was much wider than the aperture A. As a
consequence the effective aperture was increased
as all electrons, scattered through a large enough
angle to prevent them from going into A, are
compensated for by electrons from further out in
the beam which normally would not reach A but
were scattered into the opening. This compen-
sation extends as far as the dimensions of the
beam. Lenard's measurements extended for 4.0
to 4000 volts. The gases He, A, H», Cos, and
air were studied. Lenard concluded that the
probability of collision at higher velocities was
proportional to the density of the gas. As the
velocity decreased, the probability of collision
increased, reaching an approximately constant
value at low velocity. The probability of collision
at low velocity was of the order of magnitude of
the value deduced from the kinetic theory radius
of an atom. The results of Lenard's measure-
ments are shown in Fig. 4. In the original curve
by Lenard the square root of the probability of
collision was plotted. The previous summaries of
this field by Bruche, ' Darrow, ' and Ramsauer
and Kollath, ' have reproduced Lenard's original

' E, Briiche, Ergb. d. exakt Naturwiss. 8, 185 (1929).
s K. K. Darrow, Enrico/ Phenomena sn Gases (Williams

and Wilkins, 1932).
s C. Ramsauer and R. Kollath, Handb. d. Physik

XXII/2, 243 (1933).
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FIG. 4. Absorbing power or probability of collision as a
function of electron velocity (Lenard).

curve and incorrectly labeled it the probability of
collision. Lenard drew his curve for argon at low

velocities parallel to the curves for COs and air.
The dotted curve is drawn through his observed
points and indicates a maximum in argon at low

velocity. Lenard" in 1895 found that for high
velocity electrons the effective cross section for
collision of molecules was proportional to the
sum of the cross sections of all of the atoms in the
molecule. This conclusion of Lenard was further
substantiated by the measurements in 1905 by
Becker" and in 1910 by Silbermann. "
6. Akesson's "selective absorption"

In 1916 Akesson" discovered that the proba-
bility of collision did not increase uniformly to a
limiting value at low velocities but that most
elements showed maxima and minima. Akesson's
measurements were made with an apparatus
practically identical with that of Lenard shown in

Fig, 3. Akesson measured the current to the
I.lectrometer E as a function of the galvanometer
1:urrent G. In the absence of gas the current rose
t apidly with increasing velocity, to a nearly
constant value, If a small amount of gas whose
collision cross section was independent of velocity
had been introduced, the current to E would have
been reduced nearly uniformly. Akesson meas-
ured the current to E and found it to vary as
shown in Fig. 5. Akesson interpreted these

P. Lenard, Ann. d. Physik 56, 274 (1895).
n A. Becker, Ann. d. Physik 17, 381 (1905).
'~ L. Silbermann, Heidelberg Diss. (1910).
'~ N. Akesson, Lunds. Arsskr N. F. 12, No. 11, p. 29

(1916),
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Fto. 5. Qualitative measurement of absorbing power by
Akesson.

minima in the current 8 as a "selective absorption"
of the electrons. A maximum absorption or
collision cross section would be found when the
least current reached the collector, or at ap-
proximately 7 volts in CH4 at 3 volts in N&. These
values have been confirmed by later quantitative
measurements of the probability of collision. If
Akesson had compared his curves taken with gas
in the apparatus, with curves taken in vacuum,
he could have estimated the magnitude of the
probability of collision. He was, however, able to
make the observation from his data that in many
cases "the slomer electrons mere more penetrating
than the faster. "

Akesson's work was criticized by Mayer, '4 who
repeated the Lenard experiment and found for
Hs, N2, He, and COs results that agreed with
Lenard's conclusions, i.e. , a uniform rise te a
limiting value for the probability of collision as
the velocity approaches zero. It is now known
that Mayer's observations on these gases are
unreliable, since maxima in the probability of
collision curves are found in practically all of the
cases indicated by Akesson's curves.

'4 H. F. Mayer, Ann. d. Physik 64, 451 (1921).
"C.Ramsauer, Ann. d, PhysIk 64, 51,3 (1,921).

7. Ramsauer eEect
Working at the same time in the same labo-

ratory with Mayer, C. Ramsauer" devised a
method for measuring the probability of collision
for slow electrons. The apparatus is shown in Fig.
6. Ultraviolet light falling on a zinc plate, Z,
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V

Ramsaueris subsequently extended his measure-
ments to He, Ne, A, Kr, and Xe. The extremely
small probability of collision for slow speed
electrons found in A, Kr, ard Xe is known as the
Ramsauer epee(.

8. Relation to electronic structure

The close resemblance in shape, and regular
variation in size, of the curves for A, Kr, and Xe
(Fig. 8) suggested the existence of a relation

Fio. 6. Ramsauer's apparatus for the measurement of
probability of collision.

l40

l20— Xe

l00

80

60

FIG. 7. Brode's apparatus for the measurement of prob-
ability of collision.

40 '

liberated electrons which were accelerated to the
slit 1. A magnetic field normal to the plane of the

paper deflected the electrons into a circular path
after they had been accelerated. By adjusting the
magnetic field the electrons could be sent through
the slits 2 to 8. By measuring the current to FI
and the current to V+H, the loss in current in

the path between slits 5 and 7 was found and

from this the probability of collision was calcu-

lated. Electrons that have lost energy but have

not had their directions changed are deflected by
the magnetic field and do not reach FJ.

Ramsauer measured only velocities less than
one volt and checked the values observed at
about one volt by Mayer in H&, N&, and He.
However in argon he found the remarkably small

values of P,=2.6 for 0.75 volt and P, =5.5 for
1.1 volts. After Ramsauer's discovery of this
small probability of collision for slow electrons
in argon, Mayer measured argon with his

apparatus and confirmed Ramsauer's discovery,
finding a maximum of P.= 73 at 12 volts.

Il E

0 I 2 3 4 5 6 7 8 9 l0

II
VOLTS

Fic. 8. Probability of collision in Ne, A, Kr and Xe.

60
l l

50

lo
I
IQ0 l 2 3 4 5 6 7 8 9

$ VOLTS

Fro. 9. Probability of collision in H& and He.

"C. Ramsauer, Ann. d. Physik 66, 545 (1921); 72, 345

(1923).
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between electronic structure and the probability
of collision. Measurements by Brode" extended
this idea in two ways. The methane molecule,
which has 8 external electrons and other proper-
ties resembling the noble gases, was found to
have curves very much like the noble gas curves.
Nitrogen and carbon monoxide, which are iso-
electronic molecules, were found to give practi-
cally identical curves, a maximum at 19 volts a
minimum at 9 volts and then a very rapid rise
down to 3 volts. Bruche" extended the measure-
ments from 3 volts to 1 volt and found a maxi-
mum for both of the gases at about 3 volts. More
recent measurements of Normand" have shown
even a closer identity between the two curves in
their fine structure, Fig. 11.Bruches has studied
a large number of molecules with related elec-
tronic structure and has found consistently a
similarity in curves of molecules with similar
structure, Figs. 10, 11, and 14.

The remarkable decrease of the cross section
for collision of the noble gas atoms as the velocity
of the electrons approached zero, was a perplexing
problem for the theoretical physicist (see Fig.
15). Ruschs' was the first to observe a minimum
in the curve for argon, at about 0.7 volt. Rusch's
measurements were rather qualitative in nature.

80

70

IO
COe J-

0 I 2 3 4 5 6 7 8 9 IO

f VOLTS

Fto. 10. Probability of collision in NA and CO&. The
dotted curve is the probability of scattering in CO~ at
right angles to the electron beam (see Section 17).

"R, B. Brode, Phys. Rev. 25, 636 (1925).
~ E. Brache, Ann. d. Physik Sl, 537 (1926); 82, 912

(1927).
'~ C. E. Normand, Phys. Rev. 35, 1217 (1930).
"E.Brtlche, Ergb. d. exakt. Naturwiss. 8, 18$ (1929).
n M. Ruach, Phys. Zeits. 26, 748 (1925).

l20

IIO

70

60

-'"
O, +

lw

IO

0 I 2 3 4 5 6 7 8 9 IO

'fVOLTS

Fto. 11.Probability of collision in CO, Ns and OI.

The true course of the curve was found by
Ramsauer and Kollath~ who extended the previ-
ous measurements to 0.16 volt. There is a slight
uncertainty in the lower voltage limit as measure-
ments published at nearly the same time by
Normandts give curves with practically identical
shape but with a shift of the voltage scale of
about 0.4 volt.

The extension of the observations to the
monatomic metal vapors has been made largely
by Brode.~ The elements Cd, Zn, and Hg, Fig.
12, show a similarity of structure in their curves
as would be expected from their electronic
structure. The alkali metals, Fig. 13, are unusual
in the large magnitude of the effective cross
section. The effective cross section of a caesium
atom for a two volt electron is 40 times as large as
that of xenon, which is the next atom in the
periodic table. The apparatus used for the
measurements in metal vapors is shown in Fig. 7.
Electrons from the filament F are accelerated to
the cylinder C and a part of them go through the
slit S,. As in Ramsauer's arrangement, the
electrons are bent by a magnetic field through a

~ C. Ramsauer and R. Kollath, Ann. d. Physik 3, 536
(1929).

~ R. B.Brode, Phys. Rev. 34, 673 (1929);35, $04 (1930);
37, 570 (1931).
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Fin. 13. Probability of collision in Na, K, Rb and Cs.
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FiG. 12. Probability of collision in Zn, Cd and Hg.

series of slits and into a collector 8. The current
Io starting along the path is assumed to be
proportional to the current G leaving the slit 8„
i.e., Is=kG. With Eq. (S) of Section 4, the
probability of collision is found as the slope of
log G/I plotted as a function of the path length z,
times the pressure, p. The pressure of the metal
vapors was varied by changing the temperature
of the apparatus.

9, S»sosssslry of measurements

Figs. 8 to 14 give average curves for some of
the more common substances. No attempt has
been made to correct the observation for the
effect of finite slit widths discussed in Section 19.
The difference between the average curve and the
measurements of individual observers is seldom
as large as 10 percent.

For low velocity electrons the potential field of
the external electrons is the determining factor
for the probability of collision. The similarity of
curves for atoms with similar external electron
arrangements confirms this idea The polariza-
bility of the atom or the distortion of the

ThBLE I.

Hoss, so, so

He ~ ~ so

Ness, ss. ss, so

Aso, ss, ss

Krss. »
Xen so

Naao
Kao
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COss '

CH so, »
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CsHso»
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CHsCls»
CHCla»
CClP'
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CHaF'o
CH NHsso
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(CHs aCHso
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ss E. Brflche, Ann. d. Physik S2, 912 (192'7).
» C. E. Normand, Phys. Rev. 35, 1217 (1930).
"C. Ramsauer and R. Kollath, Ann, d. Physik 4, 91

(1930).
» C. Ramsauer, Ann. d. Physik 06, 54$ (1921).
so C. Ramsauer and R. Kollath, Ann. d. Physik 3, 534

(1929).

potential field by the scattered electron also is
important. It is difficult to compare the relative
magnitudes of the collision cross sections of the
atoms when the curves have large variations in

maximum and minimum values. At about 100
volts most of the curves are decreasing uni-

formly. A comparison of the magnitudes of the
probability of collision at about 100 volts shows

that the monatomic elements have values that
are inversely proportional to their ionization
potential and directly proportional to their
polarizability.

The probability of collision has been studied
for the atoms and molecules given in Table I.
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C. PROBABILITY OF EXCITATION

10. Introduction

The excitation of atoms by electrons can be
observed either by studying the energy distri-

bution of the electrons after collision, or by
observing the number of excited atoms. The
existence of energy loss producing excitation has

been known since the experiments of Franck and

Hertz. "These initial experiments also indicated

that some transitions were much easier to excite
than others.

The probability of excitation to a particular
state is not the same as the probability of emis-

sion of a particular spectral line produced by a
transition from that excited state. The intensity
of radiation corresponding to this transition will

be proportional to the number of atoms in this
particular state. Some atoms will reach this
state by direct electron impart and this number

can be calculated from the probability of exci-
tation. Other atoms will reach this state as the
result of transitions subsequent to excitation to
higher energy states. It may also be possible for
the atom to return to a lower state from this

excited state by the emission of other spectral
lines or by a collision of the second kind. In case
the transition is to the normal state of the atom,
the radiation that is emitted may be absorbed on

its way out of the gas. Because of these compli-
cations the optical method does not give very
good quantitative data on the probability of
excitation.

The probability of excitation can be calculated

by observing the number of electrons that have

"E. Briiche, Ann. d. Physik 84, 2?9 (1927).
"R.B. Brode, Phys. Rev. 34, 673 (1929).
» R. B. Brode, Phys. Rev. 35, 504 (1930).
~ R. B. Brode, Proc, Roy. Soc. A125, 134 (1929).
~ R. B. Brode, Phys, Rev. 37, 570 (1931).
3' R. B. Brode and M. C. Green, Phys, Rev. 37, 1760

(1931).
~ E. Briiche, Ann. d. Physik 83, 1065 (1927).
"E.Brache, Ann. d. Physik 4, 387 (1930).
~~ W. Hoist and J. Holtsmark, Kong. Norske. Vid.

Selskab. 4, No. 25, p. 89 (1931),
"C. Ramsauer and R. Kollath, Ann. d. Physik 7, 176

(1930).
"E.Briiche, Ann. d. Physik I, 93 (1929).
«F. Schmieder, Zeits. f. Elekrochemie 36, 700 (1930).
~' J. Franck and G. Hertz, Ber. d. D, Phys. Ges. 16, 457

(1914).
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lost a certain amount of energy. This can be
observed by applying a retarding potential to the
collector and observing the number of electrons
that have lost a definite energy. However, if the
electrons are not moving normal to the retarding
field, they will be kept from the collector by a
potential less than that corresponding to their
energy loss, and corrections must be made for
this effect.

As will be seen from the experimental data the
probability of excitation may change very rapidly
in a few tenths of a volt. For this reason special
precautions should be taken to keep the spread of
velocities in the beam of electrons as small as
possible. A spread of 1.0 volt, as is not uncommon,
would badly distort the curves showing changes
that take place in a range of a few tenths of a
volt.

11.Measurement by electron velocity distribu-
tion

As information can be satisfactorily interpreted
only for those lines of the spectra which can be
excited singly, the range of available material is

0 I 2 3 4 5 6 7 8 9 10
II/' VOLTS

Fio. 14. Probability of collision in CH&, C&H& and C&Hq.
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Ftc. 15. Probability of collision in Kr (Ramsauer), with
points from the theoretical calculations of Holtsmark. See
reference 80,

~ H. Sponer, Zeits. f, Physik 7, 185 (1921).

not large. The excitation of mercury has been
studied for transitions to the energy level
2'P& and to the group 2'Pp, i, p', helium to the 2'Si
and potassium to the 2'P&, I energy level.

The first measurements by Sponer" were made
with a simple Franck and Hertz" apparatus.
Electrons were accelerated through a uniform
field to a grid with a plate directly behind the
grid. A retarding potential applied between the
grid and plate enabled one to measure the
number of electrons that had had inelastic
collisions. By varying the accelerating potential,
the dependence on velocity of the number of
inelastic collisions was estimated. From the
pressure the number of atoms in the region
between the filament and the grid was found and
from this the probability of excitation was
estimated. The observations of Sponer indicated
a maximum probability of excitation at about 6
volts for the excitation to the 2'Pp, i p group
(4,7, 4.9 and 5.4 volts). Because of velocity
spread of the beam and other factors, Sponer
concluded that the true excitation function may
have its maximum at the critical potential and
then decrease in an exponential fashion for higher
velocities. The magnitude of the probability of

excitation was recomputed from Sponer's data by
Hertz~ and found to be about 3 as compared
with a probability of collision of 100.

Brattain~ with an improved apparatus has
measured the probability of excitation of the
2'Pi level and found a similar result to that of
Sponer. The absolute magnitude of the scale
shown in Fig. 16 is uncertain. The maximum
probability of excitation may be anywhere from
20 to 3, probably between 5 and 15.

Measurements by Dymond" on the 1 Sp —2 Si
helium transition indicated a rise to a maximum
P,/PEr of 0.001 at about 0,3 volt above the
19.77 volt excitation energy. The probability of
excitation then dropped off rapidly with in-
creasing voltage. williamson" in studying the
inelastic collision of electrons in potassium vapor
found that his observations could be explained if
one assumed a probability of excitation which
rose abruptly to a maximum at the excitation
potential and then decreased exponentially. The
maximum probability of excitation was about 10
times the probability of collision computed from
the kinetic theory. The ratio of the probability of

I
Po

6.57 6.67 6.77 6.87 6.97 7.07
VOLTS

Fio, 16. Probability of excitation of the 2'Pz term in
mercury (Brattain).

"G. Hertz, Zeits. f. Physik 32, 298 (1925).
'4 W. H. Brattain, Phys. Rev. 34, 474 (1929),
~ E. G. Dymond, Proc. Roy. Soc. 4167, 291 (1925).
"R.C. Williamson, Phys. Rev. 24, 134 (1924).
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excitation to the probability of collision gives

P,/P, =0.13.

12. Measurement by intensity of spectral lines

The relative intensity of spectral lines excited
by electron impact has been studied for a large
number of gases and with a considerable range of
electron energy. To give information about the
probability of excitation, the gas pressure must
be so low that the electron after collision will not
strike another atom in the region from which light
is observed. The velocity spread of the electrons
must be as narrow as possible, and the energy of
the electron must be less than the next excitation
term which can emit the line being studied as a
part of the transitions back to the normal state.
These conditions limit the spectroscopic study, in

general, to the first transitions from the normal
state. Many of these transitions emit radiation
that is strongly absorbed in the gas. The radi-
ation excited by electron impact is sometimes
partially polarized and the intensity is not
distributed uniformly in all directions. Particular
attention must be paid to the distribution of
electron density in the beam if light from only a
portion of the beam is focussed on the slit.4' The
intensity of light emitted should be a linear
function of the electron current and of the gas
pressure.

The experimental arrangement is that indi-

cated in Fig. 1. The light from the beam is
focussed on a photo-cell or on the slit of a
spectrograph. Allowing for loss of light because of
reHection and absorption in the apparatus, the
intensity of light emitted by the gas under
bombardment can be calculated, and from this
can be deduced the number of atoms excited per
unit electron current, per unit path length, per
unit pressure at O'C. This is the probability of
excitation to the particular energy state being
observed.

Fig. 17 shows the relative intensity of the first

two lines of the cadmium spectrum as measured

by Larch'. 4s The line )3261 rises rapidly and to a
maximum and then decreases in much the same

way as the measurements by electron energy loss

"J.H. Lees, Proc. Roy. Soc. A13V, 173 (1932). J. H.
Lees and H. W. B. Skinner, Proc. Roy. Soc. A13V, 186
(1932).

~ K. Larch', Zeits. f. Physik 6V, 440 (1931).

4 6
VOLTS

IO

FIG. 17. Probability of excitation of the 2'P& and 2'Pq
terms in cadmium (Larch').

"P.Bricout, J. de Physique et le Radium 9, 88 (1928).
'4 L. E. Loveridge, Them, University of California, 1931.

would indicate. The line %2288, however, in-

creases to a maximum at a voltage several times
the excitation potential. At 6.2 volts the 2'S&

level is excited and in the return to the normal
state the atom emits the radiation )3261 so that
above 6.2 volts the interpretation of the intensity
of the line X3261 as a measure of the probability
of excitation to the state 2'PI, is no longer
possible. At 6.6 volts the 2'Ss state is excited and
it contributes to both the X3261 line and the
X2288 line. At 7.1 and 7.2 volts additional energy
states are excited which complicate still further
the interpretation of the curves in Fig. 17.

The absolute magnitude of the probability of
excitation has not been determined by the
spectroscopic methods with any great accuracy.
Bricout has estimated that the maximum

probability of excitation of the first resonance line

in mercury is about 6. Loveridge" has measured
the absolute magnitude of P for sodium and

potassium and finds values of 12.5 and 15.6 for
the maximum, which in each case is found to be
about 1/2 volt above the excitation potential,
when corrections have been made for electron
velocity distribution. Loveridge's observations
for sodium are shown in Fig. 18.

The order of absolute magnitude of the
probability of excitation can be estimated from
the probability of excitation of a particular
spectral line, when it can be assumed that few
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FIG. 18. Probability of excitation of the 2'Pt, ) terms in
sodium (Loveridge). (Curve A uncorrected for electron
velocity distribution; curve Jj corrected for electron
velocity distribution. )

4' W. Hanle and %.Schalfernicht, Ann. d. Physik 6, 905
(1930).

I W. C. Michels, Phys. Rev. 36, 1362 (1930); 38, 712
(1931).

atoms arrive in the upper energy level of the
transition except by direct electron impact, and
that all or a known fraction of the atoms leave
the upper state by emitting the spectral line that
is being observed. The X3889 line in the helium

spectrum is such a line. Its excitation function
has been studied by Lees and Skinner" who
found that the probability of emission rose to a
maximum a few volts beyond the initial appear-
ance of the line and then fell rather rapidly with
increasing voltage. The magnitude of the proba-
bility of emission at, the maximum was found to
be about 0.025 (P. for the same energy being
about 7.5). Hanle and Schaffernicht" have ob-
served the probability of emission of a number
of visible spectral lines from mercury vapor and
found values from 0.054 to 1.800 {P, for the
same energy being about 50).

Michels~ has found, for all spectral lines that
he has studied, a sharp maximum within a volt oF

the excitation potential. He used an electron
beam with a velocity spread of 10 volts and
constructed an excitation curve from the ob-
served curves by a process of differentiation.
Michel's method assumes a definite maximum

velocity in the electron velocity distribution.
Actually there may be no definite maximum
velocity in the electron distribution and his

method of eliminating the velocity distribution
may not be applicable.

13.S»~~a~ of measurements

The experimental difficulties encountered in

the measurement of the probability of excitation
have not been suSciently overcome to make
accurate measurements possible. The measure-
ments that have been made indicate that the
probability of excitation rises to a maximum
either at or very close to the critical potential,
and then decreases with increasing energy. The
existence of further maxima in the curve is
doubtful. The magnitude of the maxima is
necessarily less than the probability of collision
for the corresponding velocity and may be as
small as one-thousandth of the probability of
collision as found for the excitation of the '19.77
volt metastable state in helium.

D. PROBABILITY OF ION1ZATlON

14. Measurement of efBciency of ionization

Of the collision phenomena discussed in this

paper the probability of ionization P» is the
easiest to define and to measure experimentally.
The experimental arrangement is given essen-

tially in Fig. 1.To obtain quantitative results the
pressure of gas must be so low that no electron
will make a second collision after it has lost some
of its energy. The electron beam density must be
low enough to prevent space charge from altering
the velocity of the electrons and to prevent
ionization by processes involving more than one
electron impact. The potential applied to remove
the positive ions must be large enough to draw
the positive ions to the collector before recombi-
nation or cumulative ionization takes place, but
must be small enough so that it will not appreci-
ably disturb the electron beam. The current to
the positive ion collector is primarily a measure of
the total positive charge liberated by the elec-
trons. However, electrons released by photo-
electric action of radiation from the beam will be
measured as positive current. Electrons may also
be released by the action of metastable atoms in
giving up their energy to the surface of the
collector. Electrons scattered in the gas may also
reach the collector and neutralize some of the
positive ion current.
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Compton and Van Voorhis~ used a system of
fine wires on which to collect the positive ions,

Fig. 19. The small area of the collector reduced

greatly the eRect of photo-emission, metastable
atoms, etc. The electric field in the ionizing

S l5

10

Fio. 19. Apparatus for the measurement of efficiency of
ionization (Compton and Van Voorhis).

chamber was distorted by the collector wires and
its effect on the velocity of the electrons was

included as a correction to the measurements.
The use of a magnetic field parallel to the

electron beam was suggested by Tate. '4 A
sufficiently strong magnetic field will keep all

scattered electrons concentrated in spirals around
the original beam and will prevent the emission of
slow electrons from the metal collector. The
heavier positive ions will not be appreciably
affected by the magnetic field and will be drawn

to the collecting electrode by a small electric
field.

In general the results of the different observers
are in fair agreement (Fig. 20}. The early
observations and those indicated in Figs. 20 and

21 represent the efficiency of ionization, i.e. , total
positive ion current, rather than the probability
of ionization. Exceptions to the general agree-

ment are the measurements of von Hippei5' and

of Funk. "Both of these observers find a sharp
maximum in the curve at about twice the
ionization potential.

IS. Measurement of probabiTitJr of ionization

It is only possible to compute the probability
of ionization when the relative number of multi-

ply charged ions is known. The efficiency of
ionization, E;, is related to the probabilities of
single and multiple ionizations, PI„P&;, P„,
etc. , by the relation EI=IPII+2P&i+3P»
Bleakney ~ has measured the relative abundance

~ K. T. Compton and C. C. Van Voorhis, Phys. Rev. 26,
436 (1925); 27, 724 (1926).

~ T.J.Jones, Phys. Rev. 29, 822 (1927}.
~ A. von Hippel, Ann. d. Physik 87, 103$ (1928).
s4 H. Funk, Ann. d. Physik 4, 149 (1930).
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Fio. 20. ESciency of ionization in mercury (CV, Compton
and Van Voorhis; J, Jones; B, Bleakney; and S, Smith).
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of ions of multiple charge. A cross section of his
apparatus is shown in Fig. 22. In principle the
ionization chamber is the same as in Fig. 1.Some
of the ions, however, pass through the slot in the
plate B, and are acted on by the field of the
condenser C—D and by the magnetic field which
is parallel to the electron stream and normal to
the plane of the figure. By adjustment of the
electric field in the condenser C—D ions of
different charge can be directed through the slot
in L to the collector K.

0 IOO 200 300 400 500 800 700
VOLTS

Qo. 21. Efficiency of ionization in He, Ne, A, N&, CO and
H~ (Smith).
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Fto. 22, Cross section of Bleakney's apparatus for the
measurement of probability of ionization.

IO

The percent of the total positive ion current
due to the different ions in mercury is shown in
Fig. 23. From the total positive ion current the
probability of ionization of different degrees can

VOLTS

Fto. 24. Probability of ionization in mercury {Bleakney).
If the data of Smith for the elficiency of ionization are used,
these values should be reduced about 25 percent.
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F16. 23. Percent of Hg+, Hg'+, Hg'+, and Hg'+ ions in
mercury (Bleakney).

be calculated as shown in Fig. 24. The efficiency
of ionization has been measured in

81, 59, 53 N 61, 63 C H 61

Hess " " CQ81 " HC153

NesO, 53, 62 Q 61 Hg53, 58, 57, 58, 62

ASO, 53, 82 NQ61

"W. Bleakney, Phys. Rev. 34. 157 (1929); 35, 139
(1930);36, 1303 (1930).

"P.T. Smith, Phys. Rev. 3'7, 808 (1931).
"W. Bleakney, Phys. Rev. 40, 496 {1932).
88 P. T. Smith, Phys. Rev. 36, 1293 {1930).
8' J, T. Tate and P. T. Smith, Phys. Rev. 39, 270 (1932).
88 A. L. Hughes and E. Klein, Phys. Rev. 23, 450 {1924).
'8 A. L. Vaughan, Phys. Rev. 38, 1687 (1931).

The information necessary for the calculation of
the probability of ionization has been observed
for

Hg57 Ne~

He88 A~

In the study of diatomic or polyatomic mole-
cules the process of ionization is complicated by
the possibility of dissociation. The process of the
dissociation has been shown to impart to the ions
an appreciable kinetic energy. ~ " In addition
the ion or the atom (or both) may be either
excited or ionized in various degrees.

15. Fine structure and magnitude of probability
of ionization

As in the study of the probability of excitation,
it is only possible to observe the true variation of
the probability, in the immediate neighborhood
of the critical potential, when the velocity
distribution in the electron beam is made very
small. Lawrence" used a magnetic resolution of
electron velocities before the beam entered the
ionizing chamber. He found that the relative

~ W. Bleakney, Phys. Rev. 36, 1303 (1930).
~ W. Bleakney, Phys. Rev. 35, 1180 (1930); 40, 496

(1932).
"W, W. Lozier, Phys. Rev. 36, 1285 (1930)."E.O. Lawrence, Phys. Rev. 2&, 947 (1926).
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probability of ionization that would explain his
observations was a curve of the type shown in

Fig. 25, a sudden rise at the critical potential to
the maximum probability followed by an ex-
ponential decrease. Lawrence also found that

Pj

The magnitude of the probability of ionization
agrees with the probability of collision. Fig. 27
shows the probability of collision and the
probability of ionization for mercury. The proba-
bility of collision has not been corrected for the
finite slit widths of the measuring apparatus and
therefore may be from 10 to 20 percent too small.
The maximum in the curve is apparently due to
the contribution of increased probability of
ionization. A large proportion of the collisions of
high velocity electrons result in ionization of the
mercury atom.

VOLTS

Fto. 2$. Probability of ionization near the ionization poten-
tial {Lawrence).

l00

|
there were a number of critical potentials above
the 10.4 ionization potential. Smith" found 12
critical potentials in the first two volts above the
ionization potential. %ith a very homogeneous

electron beam the probability of ionization would

appear as in Fig. 26, while with a broad velocity

fVOLTS

Fto. 2 f. Probability of collision and iomzation in mercury
(Brode and Bleakney).

E. PROBABILITY OF SCATTERING

a + ~

l0 l l I2
VOLTS

Fto. 26. Ultra-ionization potentials of mercury (Law-
rence). The dotted curve shows the results to be expected
from measuxements with a broad velocity distribution.

distribution the dotted curve would be observed.
Moderate distribution would give evidence of the
ultra-ionization potentials by changes in the
slope of the curve.

17. Measurement of scattering

The existence of elastic reflection of electrons

from atoms of a gas with a change of direction
but negligible loss of energy was established as

early as 1913 by Franck and Hertz. " The
direction of reflection and the volume of gas
effective in scattering were not sharply defined in

this experiment. A more quantitative study of
the scattering at right angles to the original

electron beam was made by Kollath, ~ whose

apparatus is shown in Fig. 28. A beam of electrons

~I J.Franck and G. Hertz, Ber. d. D. Phys. Ges. 15, 373
(1913).

~ R. Kollath, Ann. d. Physik N, 259 (1928).
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FrG. 28. Kollath's apparatus for the measurement of right-
angle scattering.

Let A be the distance of the slit Ss from the
center of intersection of the axis of the collecting
slit system and the axis of the parallel electron
beam; B the distance of the slit Ss., a and b the
widths of the slits Ss and Ss, respectively; k the
height of the slit Ss I and 8 the angle between the
slit axis and the electron beam. If r» is the solid
angle of the aperture as measured from any point
in the electron beam, and dz is an element of
length along the electron beam, then~

passes through the space S into the collector K.
Those electrons that are scattered through 90
degrees may pass between the plates and reach
the collector E. Fig. 10 shows the comparison
between the current scattered through right
angles and the total scattered current in COs. At
higher velocities the intensity of the right angle
scattered current dropped rapidly to a very
small fraction of the total scattered current.
Wernerrs has also used a similar arrangement for
the study of right angle scattering.

The most important measurements of the
scattering of slow electrons have been made with
an apparatus first used by Dymond, n Fig. 2. A
beam of electrons from a source Fpasses through
a space filled with gas at a low pressure. A set of
slits Ss and Ss in front of the collecting cylinder,
C, define a volume in space in which electrons can
be scattered into the collector, provided their
direction of motion is through the slits Ss, Ss.
The velocity distribution of the electrons entering
C can be analyzed by either a magnetic field, an
electrostatic field, or a retarding potential.

The principal difficulty with this apparatus is
the proper determination of the effective volume
of scattering and the effective solid angle of the
aperture defined by Ss and Ss as seen from
various points in the beam. As pointed out by
Tate and Palmer~ retarding potentials that
penetrate into the region of the defining slits,
will have a large influence on the effective
dimensions of the apparatus.

~~ S. Nerner, Proc. Roy. Soc. 4134, 202 (1931).
t' E. G. Dymond, Phys. Rev. 29, 433 (1927).
n J. T. Tate and R. R. Palmer, Phys. Rev. 40, 731

(1932).

This expression assumes that the height of the
first slit determines the limiting deflection in the
direction perpendicular to the plane of the paper.
If the rear slit is the limiting factor, the equation
is slightly different. This equation also breaks
down at small angles as will be seen from the
complications arising when one of the limiting
lines drawn through the slits Ss, Ss, becomes
parallel to the electron beam. Throughout most
of the angle range used in the experiments the
approximation is sufficiently exact. If the appa-
ratus is not properly centered so that the
distances A and B are also functions of the angle
8, further complications will be introduced. The
scattered current per unit current, per unit path
length, per unit pressure at O'C, per unit solid
angle in the direction 8, is the probability of
scattering, S, or S=Iy/(Isp J'odx). Because of
these difficulti in determining the geometrical
constants, many of the experimenters have
simply divided their observed current by the
initial current times the pressure, times the sine
of the angle, and taken this as a measure of S
in arbitrary units. Arnot" reduced his observa-
tions to absolute units by estimating his solid
angles, but seems to have made a slight mistake
in the definition of his effective scattering region.
Tate and Palmer~ used the relation, Eq. (3),
between the probability of scattering and the
probability of collision to evaluate the arbitrary
constant. Figs. 29, 30, and 31 give some of the
experimenta1 results by this method.

'n E. B. Jordan and R. B. Brode, Phys. Rev. 43, 112
(1933).
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Ramsauer and Kollath" devised a system of
zonal collectors for the study of the scattering at
low velocities, Fig. 32. Kith this apparatus they
have obtained measurements at velocities below
one volt. The evaluation of the effective scat-
tering region for each zone was estimated
graphically. A typical curve is shown in Fig. 33
for elastic scattering.

For many studies the scattering in small angles
from the original direction of the beam is quite

d
4

3/

0' 30' eO' Qo'
ANGLE OF SCATTERING

I20'

Fto. 30. Probability of elastic scattering in helium, The
observed points are show» together with the theoretical
curves calculated from the theory of Mott" (Hughes,
McMillen and Webby).

"F.L. Arnot, Proc. Roy. Soc. A125, 660 (1929); A130,
655 (1931).

~~ F. L. Arnot, Proc. Roy. Soc. A140, 334 (1933)."J.M. Pearson and W. N. Arnquist, Phys. Rev. 37, 970
(1931).

7' A. L. Hughes, J. H. McMillen and G. M. Webb, Phys.
Rev. 41, 154 (1932).

"N. F. Mott, Proc. Roy. Soc. A125, 222 (1929).

I E

Fto. 32. Zonal apparatus for the measurement of prob-
ability of scattering (Ramsauer and Kollath).

"E.C. Bullard and H. S. W. Massey, Proc. Roy. Soc.
A133, 647 (1931).

s' J. Holtsmark, Zeits, f. Physik 55, 437 (1929); 66, 49
(1930).

» C. Ramsauer and R. Kollath, Ann. d. Physik 12, 529
and 837 (1932).
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0' 45' 90' I35' I80'

ANGLE OF SCATTERING

Fio. 33. Probability of scattering in argon (Ramsauer and
Kollath).

important. The scattering of high speed electrons
in small angles gives sufficient information to
estimate the potential field or the form factor of
the scattering atom, By choosing a suitable form
factor for the scattering atom, the curve for the
electron scattering obtained agrees with the
experimental observations, Figs. 30 and 31 show
the results of such calculations. The theoretical
study of this problem has been reviewed by
Morse" and by Condon" in a recent number of
this journal. The maximum and minimum are
explained as the diffraction of the electron waves

by the potential field of the atom.

18. Inelastic scattering

By applying a retarding potential between the
collector and a slit or grid in front of it, or by
other electric or magnetic velocity analyzers, the
apparatus for the study of the scattering of
electrons, Fig. 2, can be used to investigate the
probability of excitation. Eq. (1) gives the
relation between the probability of excitation and
the observed scattered currents. This method has
been used by Tate and Palmer, r' Fig. 34, for the
measurement of the excitation of mercury vapor
with electrons of from 80 to 700 volts. Most of

~ P. Morse, Rev. Mod. Phys. 4, 577 (1932).
~ E. U. Condon, Rev. Mod. Phys. 3, 43 (1931).

the losses of energy, counted as producing
excitation, corresponded to the 6.7 volt excita-
tion. The value of P, is found to be a little large,
compared with Brattain's~ observations. How-
ever, Brattain's measurements are somewhat
uncertain, and Tate and Palmer's values of the
probability of ionization are a little large when
compared with the more direct measurements of
Smith" and Bleakney. '

A number of observers" " ~ s4 s' " have
studied the angular distribution of inelastically
scattered electrons, but have either covered only
a small angle range or have given their data in
arbitrary units, so that Eq. (3) cannot be used to
calculate the probability of excitation.

Mohr and Nicollss have recently shown that
the angular distribution curves of the inelastically
scattered electrons in H&, C02, Ns, Ne, He, A,
and Hg for velocities of about 50 volts show the
same type of maxima and minima in their
distribution as the elastically scattered electrons,
Fig. 35.

19. Correction of probability of collision for
finite aperture

The influence of the size of the defining
apertures on the value of the probability of

~+ l5
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Fio. 34. Efficiency of excitation and ionization in mercury
(TP, Tate and Palmer; S, Smith).

~ A, L. Hughes and J. H. McMillen, Phys. Rev. 39, 585
(1932);41, 39 (1932).J. H. McMillen, Phys. Rev. 36, 1034
(1930).

~ G. P. Harnwell, Phys. Rev. 34, 661 (1929)."C, B.O. Mohr and F. H. Nicoll, Proc. Roy. Soc.A138,
229 and 469 (1932).
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Fio. 35. Probability of elastic scattering (solid curves)
and probability of scattering with excitation (dashed
curves) in mercury (Mohr and Nicoll).

colhsion has been investigated by Green" and by
Palmer. "Green's measurements gave practically
no variation in the probability of collision with
the size of aperture. These measurements were
shown to be unreliable by Palmer, who pointed
out the importance of the ionization in the region
where retarding potentials were applied. Palmer's
measurements indicated a variation with effective
aperture which he has subsequently checked
with calculations from angular distribution
curves.

The apparatus used by Palmer is shown in
Fig. 36. The distance between Si and S» is l, the

path length; r is the radius of the circular
aperture S». The limiting angle for a deflection
along the axis is given by tan 8p ——r/l. If Ip is the
current entering Si, I the current entering S», and
I' the difference between Ip and I, at low pres-
sures P,'lP=I'/Ip where P,' is the observed
probability of collision.

The number of electrons scattered to the
collector A is given by the equation

I'= Ip 2s (l —r/tan 8)S sin Hd8-lE;
»o

The term, —lE„ is due to the positive ions
formed in the gas and assumes that the number
of ions leaving A for B is the same as the number

leaving B for A. If a retarding potential is applied
between B and A this will not be true. The effect
of the aperture on the value of P, is shown in

Fig. 3'7. The influence is more marked at high
electron velocities. Moreover mercury shows a
greater change with angle than helium. The
crosses indicate the values calculated from the
data of Tate and Palmer' and of Smith. » The
values of the probability of collision calculated by
Palmer for an apparatus with negligibly small

limiting angle 8» are about 40 percent greater
than the values obtained by Brode with finite

slits. The efficiency of ionization E; obtained by
Palmer is about 20 percent higher than that
observed by Smith.

~
I I Il

l I II
I I

30

0 0 4 I 8 lo l2
8s

Fin. 36. Palmer's apparatus for the measurement of the
influence of the size of the collecting aperture on the
probability of collision.

~r M. C. Green, Phys. Rev. 36, 239 (1930).
~ R. R. Palmer, Phys. Rev. 37, 70 (1931).

Fie. 37.Probability of collision as a function of the limiting
angle, Sp {Palmer).

»~ J.T.Tate and R. R. Palmer, Phys. Rev. 40, 731 (1932).
»p P. T. Smith, Phys. Rev. 3V, 808 (1931).
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If two collecting chambers are placed in series
as shown in Ramsauer's apparatus, Fig. 6, the
influence of the aperture openings will be re-
duced. If the geometry of the defining slits at the
opening to the two chambers is the same and if
the current entering each slit is the same, then,
due to the finite slit width, as many electrons will

be scattered into the collector as are scattered out
from it at the other end, and the probability of
collision will be observed as for infinitesimal slit
widths. In the actual experiment, however, the
accuracy of the measurement depends on an
appreciable loss of electrons in the first chamber.
It is not infrequent that Q to s/4 of the electrons
entering the first chamber are collected by it and
in this case a correction for the finite slit width
must be applied. For a loss of &/4 of the electrons
to the first chamber, the correction would be
about g4 of the correction to be applied to the
single chamber measurements, Fig. 37.

F. THEORETICAL INTERPRETATION

The theoretical calculation of the probability
of scattering, collision, ionization or excitation is
a very difficult problem. A considerable amount
of information about the atom is needed before
the problem can be set up. The potential field of
the atom in the normal and excited states and the
orientation of the field must be known. The
potential field is a function of the disturbance or
polarization caused by the colliding electron.
This polarization is a function of the time and not
readily calculable for even the simplest atoms.
For the range of velocities used in the experi-
ments of this summary, the wave-length associ-
ated with the electron varies from 0.5 to 20 X10 '
cm. This is just the order of magnitude of atomic
dimensions so that only a wave mechanical
treatment can be expected to give the correct
solution. Another effect that must also be taken
into account arises from the identity of all
electrons. The electron sent at the atom may not
be the same as the one leaving the atom. If
ionization takes place the impacting electron and
the emitted electron cannot be distinguished
from each other.

An exact solution of the collision problem for
even the simplest atom, monatomic hydrogen, is
not possible at present. An approximate solution
for an idealized atom can be obtained by a

method given by Born."The amplitude of the
electron wave scattered from any volume ele-
ment is proportional to the amplitude of the
electron wave incident on the volume element
and to the potential of the volume element. The
scattered wave consists of a system of spherical
waves sent out from the volume element. In
Born's calculation, and in the work of Mensing, ~
Elsasser, " and Wentzel, ~ the subsequent scat-
tering of the scattered wave on other elements of
volume has been neglected. In the calculations
of Faxen and Holtzmark, ~ Allis and Morse, ~ and
Massey and Mohr, "this subsequent scattering
has not been neglected. The intensity of the
scattered electrons at any point in space is
obtained by integrating the amplitude of the
scattered wave arriving at that point from all the
elements of volume of the scattering atom, and
then multiplying this by its conjugate value.
Because the amplitude is a complex function of
the distance and angle from the scattering atom,
this calculation brings in the effects of inter-
ference.

The incident electron beam can be considered
as a plane wave whose amplitude is given by the
equation f=e~'; where k =2s /k The time
dependence, e'~'"' has here been separated from
the part dependent on the space coordinates. In a
potential field the amplitude of the electron
waves must satisfy the equation V'f+(8~/k')
X (E—V) =0. If the potential is zero the solution
of this equation is e"'', where Ji'=8~E/k'
=4ss/) s (m is the mass of the electron, E is its
kinetic energy, V is its potential energy and ), the
de Broglie wave-length associated with the
electron). This is the equation for the amplitude
of a plane wave propagated in the direction z.
The existence of a potential due to the scattering
center requires a solution that can be approxi-
mated by a system of spherical waves sent out

n M. Born, G6tt. Nach. p. 146 (1926); Zeits. f. Physik
38, 803 (1926).

n L. Mensing, Zeits. f. Physik 45, N3 (1927).I W. Elsasser, Zeits. f. Physik 45, 522 (1927}.
~ G. Wentsel, Zeits. f. Physik 40, 590 (1926}.
~ H. Faxen and J. Holtsmark, Zeits. f. Physik 45, 307

(1927).
'~ W. P. Allis and P. M. Morse, Zeits. f. Physik 'TO, 567

(1931).
s' H. S. W. Massey and C. B.O. Mohr, Proc. Roy. Soc.

A132, NS (1931).
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from all parts of the scattering atom, and a plane
wave moving in the direction of the original
electron beam. This solution of the wave equation
can be written in the form

f(eQ r/r) rl~+ g (erik r/r)gt

Here f is a function of the angle of scattering and
depends on the potential field of the atom and on
the amplitude of the electron beam at the point of
scattering. g is a similar function that represents
electrons originally a part of the atom which,
through an exchange of energy with an electron
in the initial beam, are knocked out of the atom.
These functions f and g are also functions of the
state of excitation or ionization of the atom. Due
to the antisymmetrical nature of the electrons the
scattered intensity is not given by the magnitude
If~'+ jg~', but as Oppenheimer" has shown, by
the expression $(3(f—g /'+ )f+g )').

For the collisions of high velocity electrons this
exchange phenomenon, and the distortion of the
potential field by polarization, are less important.
A good approximation can be obtained by
assuming a potential field for the atom and by
neglecting polarization and exchange. Mott, "
using the method of Born, has derived a general
scattering formula for electrons that is valid for
electrons with energies above 15 Z' volts. Z
is the nuclear charge of the scattering atom. A
comparison between Mott's theoretical curve and
the experimental scattering data is shown in Fig.
30. The magnitudes of the theoretical curves
have arbitrarily been adjusted so as to agree
with the experimental data at one point.

By modifying the potential field assumed for
the atom one can introduce a correction for the
polarization of the atom. Holtzmark'" has done
this for argon and krypton and by numerical
integration obtained curves for the probability of
collision of these atoms that agree remarkably
well with the observed curves (Fig. 15). These
calculations show that the Ramsauer effect can
be explained as a natural physical phenomenon

'~ J. R. Oppenheimer, Phys. Rev. 32, 361 (1928).
"N. F. Mott, Proc. Roy. Soc. A124, 425 (1929); A125,

222 (1929); A127, 658 (1930). Proc. Camb. Phil. Soc. 24,
304 (1929).

~oo J. Holtsmark, Zeits. f. Physik 48, 231 (1928); 52, 485
(2928); 55, 437 (1929);66, 49 (1930).

due to the wave properties of the electrons.
Bullard and Massey'" have used the data of
Holtzmark to calculate the angular distribution
of the scattered electrons in argon and have found
quite good agreement as shown in Fig. 31.
Henneberg'" has calculated the angular distri-
bution of the electrons scattered by mercury and
has also obtained quite good agreement with the
observed scattering.

The method of numerical integration is very
laborious. By assuming a potential field for the
atom that is a simple function of the atomic
radius, it is possible to solve the wave equation
and get a more analytic expression for the
probability of collision. This method has been
used by Mensing~ and by Allis and Morse. ~ The
calculations by the latter give surprisingly good
agreement in shape and magnitude for the curves
of the probability of collision of a large number of
elements. The calculation of the probability of
ionization and excitation is more difficult than
the calculation of the probability of elastic
collision. Massey and Mohr" have, however,
calculated the probability of excitation of hydro-
gen and helium and have obtained curves that
are in quantitative agreement with the experi-
mental curves.

G. SUMMARY

In this survey the more direct experiments that
give us quantitative information about the
probabilities of collision, excitation, ionization
and scattering, have been described. The proba-
bility of collision was found to depend on the
velocity of the electron and on the potential field

of the atom. The probability of collision for high
velocity electrons decreases uniformly with in-

creasing velocity. The magnitude of the proba-
bility of collision with different atoms is pro-
portional to the atomic number of the element for
high velocity electrons. For slow electrons,
similar curves for the variation of the probability
of collision with electron velocity were obtained,
when atoms or molecules with similar external
electronic structure were studied. The probability
of collision for slow electrons is often found to

'O' E. C. Bullard and H. S. W. Massey, Proc. Roy. Soc.
A133, 647 (1931).

'~ W. Henneberg, Zeits. f. Physik 83, 555 (1933)
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change by a factor of from 2 to 10 in the range of
a few volts. The theoretical solution of the
problem has been obtained by considering the
diffraction of the electron wave by the potential
field of the atom. The theoretical calculations are
in good agreement with the experimental results.

When an elastic sphere is bombarded by
particles, the intensity of scattering per unit
solid angle is equal in all directions. This simple
hnodel is quite insufficient to explain the many
maxima and minima found in the observed
scattering curves. However, the wave mechanics
has been able to explain quite completely the
observed curves. The scattering can be con-
sidered to be somewhat similar to the diffraction
of light by particles that are of the same order of
magnitude as the wave-length of the light.

The probability of ionization can be considered
as a probability of excitation to a state where one
of the electrons of the atom acquires sufficient
energy to escape from the potential field of the
atom. The shape of the probability of excitation
and the probability of ionization curves is
similar. They indicate a rapid rise to a maximum
at or near the critical potential, followed by a
more gradual decrease. If there are a large
number of critical potentials close together, and

if there is a spread in the electron velocities in the
exciting beam, the curve will rise more gradually
to a maximum. The observed curves can be
explained in this way.

More extensive surveys have been published
for some of the fields discussed in this paper.
Additional experimental details and results of
measurements can be obtained from the following
surveys:

E. Brilche, Ergb. d. exakt. Naturwiss. 8, 185 (1929).
(Probability of collision. )

K. T. Compton and I. Langmuir, Rev. Mod. Phys. 2,
123 (1930); 3, 191 (1931). (Probability of colliHo»,
escitation, ionisation and scattcri»g. )

E. U. Condon, Rev. Mod. Phys. 3, 43 (1931).
K. K. Darrow, "electrical Phenomena i» Gases"

(Williams and Wilkins, 1932). (ProbaMity of col-
lisio», excitation, ionisation and scattering, )

W. de Groot and F. M. Penning, Handb. d. Physik
XXIII/1, 23 (1933). (Probability of excitation and
ionisation, )

W. Hanle and K. Larche, Ergb. d. exakt. Naturwiss.
10, 285 (1931).(Probability of excitation. )

P. M. Morse, Rev. Mod. Phys. 4, 577 (1932). (Theo-
retical. )

C. Ramsauer and R. Kollath, Handb. d. Physik
XXII/2, 243 (1933). (Probability of collision and
scattering. )

H. D. Smyth, Rev. Mod. Phys. 3, 347 (1931).(Proba-
bihty of ionisation. )


