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Collisions of Electrons with Hydrogen Atoms. I. Ionization
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The cross section for ionization of the hydrogen atom on electron impact has been measured as a function
of electron energy. A modulated beam of atoms and molecules in varying proportions, taken from a furnace,
is crossed by a dc electron beam, and the positive ions formed are taken into a mass spectrometer. By using
such modulation techniques, the ions formed by ionization of the beam are distinguished from the much
larger number of ions formed by collisions of electrons with the residual gas in the vacuum chamber. From
the study of the mass-spectrometer peak strengths as a function of temperature with constant gas flow, the
ratio of the cross sections for ionization of the atom and the molecule is directly determined. The absolute
atomic cross sections, determined by multiplying this ratio by the known molecular cross sections, are
cross-checked by taking relative cross sections for the atom. Complete agreement with the first Born
approximation is found only above about 250 ev. Deviations of experiment from theory at lower energies
are as predicted qualitatively by theory.

I. INTRODUCTION the entire energy range using, to date, only the first
Born approximation. The measurement described here
therefore gives information only on this simplest of all
quantum-mechanical scattering approximations.

HE customary theoretical formulation of atomic
scattering problems of the type where an elemen-

tary particle collides with an atomic system and where
all the forces are known usually admits two sources of
error in their solution. First, whenever the target atomic
system consists of more than two bodies, its wave
functions are not known and the problem cannot even
be formulated exactly. Second, assuming that these
wave functions are known, the scattering problem is
still too difFicult to solve exactly, for the quantum-
mechanical treatment leaves an infinite set of coupled
equations.

A number of methods have been developed to obtain
approximate solutions to this infinite set of equations.
Generally, however, the validity of any approximation
method is known but qualitatively. Comparison of a
theoretically predicted cross section with an experi-
mental result has not been very helpful in determining
the validity of an approximation method, because the
experiments usually involve target atomic systems for
which the wave functions are not known.

Clearly, by allowing the target system to contain
only two bodies it should be possible to compare theory
with experiment and known that any discrepancy
between prediction and result must arise because of
the intrinsic deficiencies of the scattering approximation
used in the theory. Thus, the approximation methods
themselves would be under direct scrutiny. To better
analyze these methods, a program of experiments on
the collision properties of the free hydrogen atom is
being carried on at General Atomic, the results of which
also bear directly on the understanding of controlled
thermonuclear devices.

The present paper, which is the first of a series to be
published, discusses the total cross section for ionization
of the hydrogen atom on electron impact. Because of
the computational difficulties involved in any ionization
calculation, this cross section has been predicted over
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II. EXPERIMENTAL APPROACH

It is well known that hydrogen molecules can be
thermally dissociated in a low-pressure furnace and
that such furnaces may be used as sources for beams of
neutral particles, an arbitrarily large fraction of which
will be hydrogen atoms. Clearly, beams from such
sources can be used in scattering experiments, in
crossed-beam configurations.

In the study of the interaction between hydrogen
ato'ms in a beam and electrons (or any second parti-
cipant which interacts with molecules as well as with
atoms) a basic difhculty must be overcome. Furnaces
and other atom sources producing large fractions of
atoms operate at rather low pressures. By the time a
collimated beam of particles is drawn from the source
and taken far enough away for an experiment to be
conveniently conducted, the density of particles in the
beam may be of the order of 10' particles per cm'.
This must be compared with a density of molecules in
the residual gas in the vacuum chamber of about
4X10" molecules per cm' (for a vacuum of 10 ' mm
Hg). Since in the scattering of electrons any signal is
proportional to the number density of scattering centers,
a beam experiment on scattering requires isolating a
signal of 1 part in about 40. Because of the rather
violent slow Ag.ctuations and drifts in pressure in
ordinary vacuum systems, it is clear that looking for a
signal of 1 part in 40 with dc techniques promises little
but difficulty. Indeed, this appears to be a funda-
mental reason why electron scattering experiments
using beams of free hydrogen atoms have been deferred
for so long.

Clearly, an ac experiment is suggested. If the atom
beam is modulated by a mechanical chopper and the
electron beam is run dc, the desired signal can be
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pyrometer eliminated the need to correct for emissivity
of the furnace material —the furnace itself was an
ideal IIohlraum.

A correction had to be made, however, for the fact
that the viewer was looking at the furnace aperture
through the chopper wheel. Measurements of the tem-
perature with the chopper wheel both running and
stationary showed that the moving chopper wheel head
a transparency of 0.51~0.02, as was expected, and that
this transparency was completely. independent of tem-
perature to within the limits indicated.

FIG. 1. Schematic diagram of ionization experiment.

identified by its having a specific frequency and phase.
The signal arising from the interaction of electrons
with molecules of the background gas will be a dc
signal plus, of course, a certain amount of noise at the
modualtion frequency. Most of the unwanted signal
can be removed by a blocking condenser. Actually, the
situation is somewhat more complicated than this and
will be discussed later in this paper.

In studying the ionization process, we used the ac
currents, at the beam modulation frequency, of positive
ions after mass analysis. Figure 1 shows a block diagram
of the experimental arrangement.

A. Source of Atoms

In the present experiments, the source of atoms was
a furnace. The type of furnace most used was tubular,
about 3 in. long and ~', in. in diameter. The furnaces
were constructed by rolling 0.001-in.-thick tungsten
foil into tubes, with about 6 layers of foil making up the
tube walls. The beam issued from an aperture in the
side of the furnace and proceeded perpendicular to the
furnace axis. Tungsten wadding was placed at each end
of the furnace so that no gas could go from a cold
surface (near the furnace mounting) to the aperture
region without suGering many collisions with hot
tungsten. The furnace was mounted between copper
bus bars, one of which conducted gas to one end of the
furnace. The other end of the furnace was blanked off.

Furnace temperature was normally measured with
an optical pyrometer, but on those occasions when
studies were made at furnace temperatures of less than
1200'K, thermocouples attached to the furnace were
used. These thermocouples had to be detached, however,
when the furnace was heated to above about 1800'K,
as they mould alloy with the furnace material, which led,
usually, to burnout of the furnace. The usual tempera-
tures measured, therefore, were room temperature and
temperatures in the optical-pyrometer range.

In using the pyrometer, the furnace was observed
through a window at the back of the vacuum system.
The view was upstream against the neutral beam,
through the slits, and into the furnace aperture.
Measuring the temperature by comparing the bright-
ness of the aperture with that of the filament in the

B. Beam Shape

In the design of a beam apparatus for the study of
electron collisions, it should be noted that any signal
derived is proportional to both the density of atoms in
the neutral beam and the path length of the electrons
as they cross the beam. The latter consideration
suggests that the beam be made thick; the former, that
the collision region be as close to the neutral-beam
source as possible, in order to minimize the eGect of
geometrical spread of the beam with distance from the
source. Thus, for collision work the neutral beam
should be short and stubby, rather than long and thin.
as in conventional molecular-beam equipment. In the
apparatus described here, the beam was about 4 cm
long and at the collision region had a cross section of
about 4 mm)&6 mm.

C. Vacuum System

The neutral beam was not made appreciably shorter
because two vacuum walls, bounding diGerentially
pumped vacuum chambers, were interposed between
the furnace and the collision region. This arrangement
resulted from signal-to-noise considerations. It has
already been remarked that the basic approach in
these experiments is to modulate the neutral beam and
run the electron beam dc. In this manner the desired
signal is identified by its ac characteristics, while the
dc signal arising from interaction of the electron beam
with the residual gas in the vacuum chamber can be
blocked by a condenser. Actually, the background
interactions still compete with the desired signal as
noise at the chopping frequency. Of course, shot noise
arising from statistical variations in the interaction of
the electrons with the background gas will always
be present. Of much greater importance, however, is
the eGect of background pressure Quctuations, caused
by irregular pumping by the diffusion pumps. Since the
background interaction signal is proportional to the
background density and, therefore, to the background
pressure, even small changes of pressure can be quite
serious because of Fourier components at the modula-
tion frequency.

The major device to minimize pressure fluctuations
was a three-stage, diBerentially pumped vacuum system.
The 6rst-stage chamber, containing the furnace, was
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pumped by a 6-in. diffusion pump, the high pumping
speed of which quickly removed that gas issuing from
the furnace aperture which was not part of the beam.
This stage normally operated at a pressure of the order
of 10 ' mm Hg. The second-stage chamber, containing
the chopper wheel, was pumped by a 2-in. pump and
normally operated at from 3&10 ' to 1&10 ' mm Hg.
The 6rst stage served as the forepump for the second
stage. The third stage, in which the experiment took
place, used a 2-in. pump identical to that of the second
stage, and the forepump for the third stage was the
second stage. The third stage normally operated at
from 7)(10 ' to 1)&10—' mm Hg, depending on how

long the system had pumped since being opened to the
air, on beam strength, etc. The beam passed from the
first to the third chambers through slits in the vacuum-
chamber walls. (It will be noted that 10 ~ mm Hg is
quite a high pressure for atomic-beam work. It is an
intrinsic advantage of modulated-atomic-beam work
that extremely good vacuums are generally not re-
quired. ) This three-stage pumping system reduced
pressure Quctuations in the third chamber due to
irregular pumping because (1) the pressure difference
between the high- and low-pressure sides of the third
pump was small and (2) the third pump prevented
irregular pumping in the early stages from producing
serious effects in the third chamber.

Pressure Quctuations also inQuenced selection of the
modulation frequency and the size and pumping speed
of the high-vacuum chamber. With a volume of about
20 liters in the third chamber and a pumping speed of
about 20 liters/sec, the pressure time constant in this
chamber was about 1 sec. With a modulation frequency
of 100 cps, pressure Quctuations at the modulation
frequency were rather well integrated by the vacuum
chamber.

Before leaving the subject of the vacuum system,
two features of any modulated-beam experiment must
be considered. Both are concerned with completely
coherent signals not arising from interactions of elec-
trons with the neutral beam and which therefore must
be subtracted from the ac signal obtained.

The erst results from having a diGerentially pumped
vacuum system in which the pressures in the various
chambers are not equal. Consequently, there will be a
net Qow of gas from a vacuum chamber of higher
pressure to one of lower pressure through the slits
which pass the beam. A fraction of this Qow will

coincide spatially with the beam. This fraction, of
course, will be modulated by the chopper wheel and
will be indistinguishable from the beam. With molecular

beams this is usually not serious because the bulk of
this gas Qowing between vacuum chambers will be of
the same species as the gas Qowing from the beam
source. With an atomic beam, however, one must
subtract that part of the signal arising from the gas
Qow between vacuum chambers because it will be

almost entirely molecular. In the present case, a dc
shutter, operated by a solenoid, was placed before the
furnace aperture so as to block the direct beam but not
interfere with the background-gas Qow. The desired
signal was obtained by subtracting the signals obtained
with the shutter open from those with the shutter
closed. By having three vacuum chambers, this gas-Qow
signal was kept quite small, never constituting more
than a few percent of the total modulated signals.

The second coherent modulation eAect arises from
the fact that when any neutral beam is admitted to a
vacuum chamber, the pressure in the chamber increases
because of the finite pumping speed of the vacuum
pumps. (For usual beam apparatus this pressure gives
an increase in the density of molecules over the entire
vacuum chamber of about ten times the density of
particles in the beam, if time is allowed for the steady
state to be achieved. When an atomic beam enters the
vacuum chamber, this background-gas increase is
almost entirely molecular, because of the recombination
of the atoms at the surfaces of the vacuum chamber.
Thus, confusion between atoms and molecules appears
unavoidable in any dc experiment on electron collisions
with atoms. )

When modulation of the neutral beam at a suitable
frequency is introduced, the tendency of the back-
ground-gas pressure to coherently follow the beam
density changes exists but is not important. In this
case, the vacuum chamber acts analogously to a large
electrical condenser, or even more analogously to a
muser on an automobile. The vacuum pump and
vacuum chamber are insensitive to pressure changes;
as long as the period of chopping of the neutral beam
is very small compared with the time constant of the
vacuum system Li.e., the time for the pressure in the
chamber to change by (e—1)/e the amount that it
would change in an infinite time], the amplitude of
background-gas density oscillations will be small
compared with the density changes in the beam as it
is turned on and o8 at the modulation frequency.
(In the case of the present apparatus, which had a
time constant of about 1 sec, a modulation frequency
of 100 cps was adequate. ) Also, because the pressure
in the vacuum chamber continues to rise as long as the
beam is in its "on" half-cycle (assuming that this time
interval is small compared with the vacuum-system
time constant), and reaches its maximum at the moment
the beam is turned to its "o6"half-cycle, the phase of
coherent background-gas-density oscillations at the
modulation frequency will be 90' behind the signal
associated with the atomic beam. Thus, phase-sensitive
detection can completely eliminate any signals ari.sing
from interaction of the dc electrons with the background
gas. Of course, since an amplifier tuned to the modula-
tion frequency is employed in the detection circuits,
only the background-pressure oscillations at the modu-
lation frequency are of any concern.
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FIG. 2. Typical electron gun —schematic diagram.

D. Electron Gun

E. Mass Spectrometer

In the present experiments, the signals used were the
100-cps ac positive-ion currents which arose when the
modulated neutral beam intersected the dc electron
beam. It was desirable to mass-analyze these ions for
two reasons. The 6rst is that when relative cross
sections for ionization of the atom were being taken,
the signal-to-noise ratio could be greatly improved by
preventing the dc molecular ions from reaching the ion
detector. The second reason stems from the fact that
the absolute cross section for ionization was determin-
able (see Sec. III) by comparing the numbers of
molecular and atomic ions formed when the electron
beam crossed a beam containing both atoms and

The source of electrons for the ionization experiment
was constructed from cathode-ray-tube electron-gun
components. Figure 2 illustrates schematically the type
of gun most often used, which consisted of either an
oxide-coated or a tungsten cathode; an aperture grid,
usually 0.10 in. in diameter; an accelerating cylinder;
two main cylinders, one on either side of the collision
region; and an electron collector. The electron collector
was maintained at a positive voltage with respect to
the main cylinders, to prevent the escape of secondary
electrons. The electron energy was determined by the
potential difference between the main cylinders and the
cathode, and calibration was made using the known
ionization thresholds of H~, H2, and helium. In addition
to the focusing provided by the electrostatic lenses, the
electron beam was collimated as the electrons passed
through the aperture in the first main cylinder. An
aperture also appears in the second main cylinder,
because for relative-cross-section measurements (see
Sec. III), it was necessary to ensure that all electrons
arriving at the electron collector had passed through
the neutral-particle beam. The second aperture was
slightly smaller than the height of the neutral beam.
Current was measured both to the second main cylinder
and to the electron collector. The focus was then
adjusted to eliminate current to the second main
cylinder. Under these conditions there was good
assurance that all electrons were passing through the
neutral beam and that all ions formed came from
electrons whose current was being measured at the
electron collector.

molecules, i.e., by comparing the mass-spectrometer
peak strengths.

The mass spectrometer used most in the present
experiments was a 30'-deflection magnetic-sector in-
strument with a radius of curvature of 4 cm. It was
inserted into the vacuum system. The ion energy was
fixed, usually at 45 ev, and mass analysis was made by
sweeping the magnet current.

The electron gun and mass spectrometer operated as
follows: The main cylinders of the gun (and therefore
the interaction-region potential) were 45 v positive
with respect to ground, and the electron energy was
varied by varying the potential of the cathode. The
erst cylinder of the lens system of the mass spectrometer
was maintained slightly below 45 v and a repeller, on
the opposite side of the interaction region from the
mass-spectrometer lens system, was maintained at a
potential slightly above 45 v. This weak Beld caused
the ions to drift down to the second cylinder in the
lens, which was very near to ground. Primary focusing
was done at the lens between the first and second
cylinders. The third cylinder was at ground, as were
the body of the magnet and the ion collector. The
collector was a simple brass cup, behind a slit, to which
was attached a preamplifier, to be described below.
The neutral beam entered through an aperture in the
repeller, crossed the electron beam, and proceeded
down the cylinders of the mass-spectrometer lens to-
gether with the ions. This geometry gave the atoms no
surfaces on which to recombine into molecules in the
vicinity of the electron beam.

Since only electrostatic fields were used in the
auxiliary optics of the mass spectrometer, the only
initial conditions affecting the ion's orbit as it entered
the spectrometer were its energy and direction of
motion; the orbit is independent of the mass of the ion.
Since the neutral beam is directed, then if little velocity
is imparted to the atom or molecule when it is ionized
by electron collisions, the collection efficiency of the
mass spectrometer is independent of mass for neutral
beams arriving at the same temperatures. Certain
indirect evidence, to be presented below, suggests that
this is the case.

F. Circuitry

The circuitry required in this experiment was all
designed to obtain good signal-to-noise ratio, and con-
sists of (I) a preamplifier, to reduce the impedance at
the ion collector; (2) a narrow band-pass amplifier; (3)
a phase-sensitive detector and rectification stage; and
(4) a dc recording potentiometer.

I. PreamPlifier

The basic physical 'measurable in the ionization
experiment was positive-ion current. Typical ampli-
tudes of this ac current were about IO—"amp. To
provide a voltage signal, this current was passed
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through a 10-kilomegohm resistor. The thermal noise
of this resistor, and other electrical noise, gave signal-
to-noise figures of the order of 100 to 1. The function
of the preamplifier was to transform this high impedance
to a lower value, so that the voltage signal could be fed
into the amplifiers.

The circuit used for the preampli6er, the voltage of
which was supplied entirely from batteries, is illustrated
in Fig. 3. A single CK 5702 WA subminiature pentode
was used in a plate-follower circuit. This tube was
mounted inside the vacuum system on the mass
spectrometer at the site of the collection of positive ions.

In applying a plate-follower impedance changer to
this type of experiment, one slightly unusual feature
must be employed. Positive ions formed by the electrons
striking the background gas in the vacuum produce a
dc ion current which changes with vacuum-pressure
drifts and which, when passing the large resistor,
greatly changes the grid bias on the preamplifier tube.
Since such changes can aRect the behavior of the tube,
it is necessary to provide for keeping the grid bias
constant throughout an experiment.

This is done by providing a variable dc potential
between the plate of the preamplifier tube and the top
of the large resistor. Assurance that the conditions are
constant throughout an experiment is made possible
by adjusting this variable potential so that a prescribed
dc plate current is drawn at all times. The prescribed
current is determined for any particular preamplifier
tube by measuring the grid current as a function of
grid voltage and selecting a value of grid voltage
negative to that at which the extremum of the grid-
current-versus-grid-voltage curve lies. The plate current
corresponding to this bias is taken as the prescribed
plate current. This preamplifier offers high input and
low output impedances, stable plate current, and
Qexible control of operating conditions.
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Z. ArlPliger

The major function of the amplifier is to increase the
voltage signal by several hundred to several thousand
times and to Alter out those frequencies not in the
immediate neighborhood of the chopper frequency.
Actually, the narrow effective bandwidth of the entire

electronic system was governed only by the time
constant used in integrating the dc output signal after
rectification. The narrow bandpass in the early stage
of the amplifier merely reduced noise and oscillation
which would otherwise have blocked the electronics by
overloading the electron tubes in the later stages.

3. I'hase-sensitive Detector

The phasing signal was derived from a cadmium
selenide photocell (Clairex CL-3) which was actuated
by light reQected from the individual teeth of the
chopper wheel. A unit consisting of a flashlight bulb
and the photocell placed side-by-side was fixed in the
second vacuum chamber just behind the plane of the
chopper wheel. This unit noted the passing of each
tooth. With such an arrangement the phasing signal
was locked to the chopper wheel, and it was necessary
to allow phasing of this reference signal to compensate
for phase shifts of the ion signal as it passed through
the main amplifier. Electronic phase shifting was used.

The phase-sensitive detector-integrator utilized a
single tube with push-pull output to convert the ac ion
signal to full-wave rectified dc and to lower the im-
pedance to that of the recorder into which the signal
was ultimately fed. This rectified signal was fed onto
the two outer terminals of a dc-ac chopper, which was
actuated by the phasing signal coming from the phase
shifter. The signals from the central terminal of the
dc-ac chopper were fed into EC integrating circuits
connected in parallel with the recorder input.

An oscilloscope was used to ensure proper phase of
the reference signal.

III. MEASUREMENT OF THE IONIZATION
CROSS SECTION

A. Relative Cross-Section Measurements

The number of ions produced per second when an
electron beam crosses a gas of fixed number density of
neutral particles is proportional both to the cross
section for ionization at the particular electron energy
and to the electron current. Cross sections at two elec-
tron energies can be compared by comparing the ion-
signal strengths divided by the respective electron
currents at the two energies. For the comparison to be
valid, of course, all the electrons whose current is being
measured must pass similarly through the gas being
ionized. For this reason, the electron gun in the present
experiments had an aperture in the second of the two
main cylinders (see Fig. 4); focusing the electron gun
so that the current was received at the second main
cylinder ensured that all measured electron current
passed through a limited portion of the neutral beam.
The ion-signal strengths used in the relative cross-
section measurements were those received at the collec-
tor of the Tnass spectrometer.

To test the apparatus for the measurement of relative
cross sections for ionization, these measurements were
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made on standard gases such as H2. Confirmation of
the results of other investigators on naturally occurring
gases indicated that the experimental methods were
sound.

In taking relative measurements for the ionization
cross section of atomic hydrogen, the mass spectrometer
was tuned on the proton peak and the neutral beam
was adjusted to contain more than about 50% atoms.
Atomic ions arising through dissociative ionization of
the remaining molecules in the beam, even for such
low dissociation fractions, necessitated corrections of
less than 2% of the signal.

Such relative measurements are actually all that is
required. The erst Born approximation becomes valid
at su%ciently high energies of the incident electrons
(i.e., several hundred ev), and these relative-cross-
section curves can be normalized to the Born approxi-
mation values at these energies. However, to cross-
check this method of obtaining absolute cross sections
by calibrating experimental results at high energies to
Born approximation predictions, a different type of
measurement was made which yielded absolute values.

B. Theory of Absolute Cross-Section
Measurements

To determine experimentally the absolute cross
section for ionization of the hydrogen atom, we 6rst
evaluated the ratio of atomic to molecular cross sections
at any given electron energy and then used existing
knowledge of the absolute molecular ionization cross
section' to obtain the atomic cross section.

Assuming a single atomic species in the beam, the
cross section Q for ionization at a given electron energy
is given by S=QL(I/c), where S is the ion current per
unit electron current crossing the atom beam, I the
path length of electrons through the atoms, I the beam
intensity (particles per second per unit area normal to
the beam's direction), and c the mean speed of beam
particles. Calling 2V the total number of particles per
second leaving the furnace through the beam aperture,
irrespective of their direction, the beam density for
effusive Qow is given by I=GS, where G is a geometrical
factor. Thus, the ion current per unit electron current
is given by S=QLGcV X1/c.

If the gas comes to equilibrium in the furnace, the
mean speed is given from kinetic theory by c= (8kT/sm) &,

where m is the mass of the atomic species, k is Boltz-
mann's constant, and T is the absolute temperature.
Substituting,

S=BQ(yg/T) i B=LGIt/(gr/8k)l.

t Experimentally, gas was fed to the furnace from a
reservoir in which the gas pressure was about i atmos.
The gas crossed a needle valve as it Qowed to the
furnace, and then left the furnace through the beam
aperture. On the furnace side of the needle valve the

' J. T. Tate and P. T. Smith, Phys. Rev. 39, 270 (1932l.

pressure was always less than 100' Hg. Thus, with a
fixed needle-valve setting the Row of gas to the furnace
was independent of the furnace temperature and
pressure. The furnace itself was mounted in such a
way that at any furnace temperature at least 98% of
the gas escaped through the aperture in which the
beam was formed. Consequently, it is correct to a high
degree of approximation to treat l'lt as a constant
independent of temperature. Since G, basically the
fraction of particles leaving the furnace which pass
through the beam-collimating slits, should be inde-
pendent of temperature, 8 is a constant and S should
depend on furnace temperature only through the
inverse square root of T. Intuitively, one may interpret
the temperature dependence in Eq. (1) by saying that
the hotter the furnace, the faster the beam particles
go, and the less time the electrons have in which to hit
and ionize the neutral particles. j

If we now expand this agrument to consider not a
single immutable atomic species (such as an inert gas)
but a gas capable of thermal dissociation in the furnace,
we have the experimental case with hydrogen. If we
call D the fraction of molecules which are dissociated
in the furnace and S the total number of molecules
entering the furnace, the molecular ion signal per unit
electron current, Ss, is given, from Eq. (1), by

Ss =BQs(~s/T)'(1 —D), (2)

Sp ——CT—
z (5)

*Note added ie proof. —This derivation neglects the contribution
to the mass 1 signal on the mass spectrometer arising from dis-
sociative ionization of the molecules remaining in the beam. The
very low probability of dissociative ionization in electron collisions
with hydrogen molecules justifies its neglect and also justifies, to
within our experimental uncertainty, taking the total ionization
cross section as measured by Tate and Smith to be equal to the
cross section for forming the molecular ion in electron-molecule
collisions. The subject of dissociative ionization probabilities of
diatomic molecules will be discussed in a future paper.

where Qs and ms are the cross section and the mass of
the molecule, respectively. The atomic ion current per
unit electron current is given by S&=BQ&(m&/T)')&2D,
the factor of 2 occurring because each molecule dis-
sociates into two atoms. Dividing the equations, and
taking into consideration that m2=2m~, we obtain

Q&/Qs
——

L (1—D)/v2D]S&/Ss.

While this form of the equation is simple and con-
venient, * it requires determination of the degree of
dissociation at the time the molecular and atomic ion
signals are taken. This can be obtained as follows.
For temperatures below which dissociation occurs

( 1500'K), from Eq. (2)

S2T&=C= const.

We now de6ne Sp as the molecular signal at any
temperature which would have bee'n found had no
dissociation occurred. That is,
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for all temperatures, with C evaluated for temperatures
at which D=O in Eq. (4). Clearly, then, the degree of
dissociation is given from

1—D= S2/Sp. (6)

It will be found convenient to substitute Eq. (6) into
Eq. (3), giving

Qi/Q2
——(1/K2) fSi/(SD —S&)g.

C. Measurement of Absolute Cross Sections

(7)

It is clear from Eq. (7) that three quantities will be
sufhcient for determining the ratio of atomic to molecu-
lar ionization cross sections, and two of these, S~ and
S2, are directly measured on the mass spectrometer.
The third quantity, So, the molecular signal which
would have been observed had not the hydrogen
molecule dissociated, must be obtained by extrapola-
tion. It was expected that this could be obtained from
Eq. (5), in which the constant, C, was evaluated
from Eq. (4).

The major difficulty, however, was finding the
conditions under which Eq. (4) was valid, i.e., where
S2T' was indeed equal to a constant for fixed gas Row
over the temperature range below which any dissocia-
tion occurred. It is convenient to de6ne a function of
temperature, C(T), by C(T) =S2Tl. It was found that
under most experimental conditions C(T) increased
with temperature, more or less linearly, at rise rates of
up to 1.5% per hundred degrees Kelvin. With the mass
spectrometer already described, C(T) never decreased
with temperature, while on many occasions it took a
constant value as was expected. The major eRort in
this experiment was devoted to 6nding the causes of
the observed behavior and the experimental conditions
which led to acceptable results. In these rather extensive
experiments, nondissociating simulant gases, e.g.,
helium, argon, and nitrogen, as well as hydrogen, were
used to study the function C(T) up to 3000'K.

The observed behavior of C(T) is understood on the
basis of two phenomena. The first is the change of
mass-spectrometer collection eKciency with the energy
of the neutral particle which becomes ionized. The
second is the scattering of particles out of the beam by
the gas cloud immediately before the furnace aperture.

Regarding the 6rst phenomenon, it will be recalled
that the axis of the mass-spectrometer entry system lay
in the neutral beam. As the furnace temperature was
increased, the initial momentum of the neutral particle,
which was changed but little in the ionizing collision,
tended to carry the ion into the mass spectrometer
more efFiciently. It was found, for example, that in-
creasing the collection fields of the mass spectrometer,
so as to weaken the effect of initial momentum, always
reduced the rise rate of C(T). A more dramatic demon-
stration of the eGect of the particle's initial energy was
made with a second mass spectrometer. This instrument

was similar to the Grst, except that the ions were
drawn away at an angle of about 70' from the initial
direction of the neutral beam, so that increased energy
of the neutral beam would tend to carry the ions past
the mass spectrometer and decrease collection eQiciency
with increasing temperature, thus leading to a function
C(T) which monotonically decreased. This behavior
was observed in the second instrument; C(T) always
behaved oppositely to that using the first mass
spectrometer.

The strong variation of C(T) with the collection
efFiciency of the mass spectrometer also suggests that
the location of the mass spectrometer in the vacuum
system might be quite critical, and this was observed
to be the case. As long as the mass spectrometer was
not moved, the functions C(T) were found to be quite
reproducible; however, after removing and replacing
the spectrometer, the character of C(T) would change,
although it would again be reproducible in the new
position.

It thus became standard procedure to use a simulant
gas (usually argon) to determine the collection efficiency
of the mass spectrometer as a function of temperature
for any mass-spectrometer position, and to use thyrse

results to correct the hydrogen data.
The second important phenomenon, scattering of the

beam by gas before the furnace aperture, was studied
by varying the pressure in the furnace, keeping all
other parameters 6xed, and observing the functions
C(T). It was found in these experiments that C(T) did
not change until the gas Qow through the furnace
system was increased to where the room-temperature
furnace pressure was about 10 p Hg. Above this pres-
sure, temperature increases appeared to reduce the
number of particles scattered out of the neutral beam.
Consequently, major reliance was placed upon results
obtained with the room-temperature furnace pressure
below 10 p, Hg.

Two experiments served to indicate that the gas was
coming into translational equilibrium with the furnace,
and therefore that nonequilibrium of the gas was not a
difhculty in the experiment. The first was a study of
C (T) for hydrogen up to dissociation temperatures, with
all quantities 6xed except the size of the furnace
aperture, the variation of which changed the mean
number of collisions a particle would have with the hot
walls of the furnace before leaving and entering the
beam. Varying the size of the aperture with 6xed
furnace volume, so that the mean number of particle
collisions with the walls varied from about 130 to
several thousand, showed no significant e6ect upon
C(T). Assuming that equilibrium was achieved with
several thousand collisions, the same result with the
smaller number of collisions implies that the average
thermal accommodation coe%cient of molecular hydro-
gen on tungsten exceeds 0.04.

The second experiment was designed to study the
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function C(T) without those complications resulting
from temperature-dependent eKciency of the detection
device that occur with ionization and mass-spectrome-
tric detection. Basically, a signal derived from some-
thing other than the heavy particle which was originally
in the neutral beam is required. The signal chosen was
that arising from low-energy (i.e., less than 10-ev)
electrons scattered elastically from the particles in the
neutral beam. In this case, the current of electrons
arriving at what was normally the repeller on the mass
spectrometer was measured. With hydrogen (up to
dissociation temperatures), argon, and nitrogen, it was
found that ST', where S is now the scattered electron
signal, showed no significant deviations from constancy
when the room-temperature furnace pressure was less
than about 100 p Hg which was a good indication that
equilibrium between the furnace and the gas was being
reached. Above 100 p, Hg pressure, an increase of ST'
indicated significant gas scattering of the beam. In the
case of helium, poor signal-to-noise ratio in these
experiments prevented similar conclusions. (Using
hydrogen and carrying the temperature up to where
almost pure beams of atoms were produced allowed a
determination of the cross section for elastic scattering
of electrons from hydrogen atoms. Indeed, these
elastic scattering measurements closely parallel that of
Bederson, Malamud, and Hammer, ' although our re-
sults are much smaller. This will be discussed in a
later paper. ')

A third set of observations was made on the equili-
brium of hydrogen with the furnace. In cases in the
ionization experiment' where the function C(T) was
constant, the degree of dissociation as determined by
Eqs. (5) and (6) was measured as a function of furnace
temperature and estimated pressure. The closeness of
the results to those predicted from statistical mechanics
gave reassurance of gas-furnace equilibrium.

In summary, it is believed that:

1. Thermal equilibrium was achieved for argon and
nitrogen in all furnaces and at all temperatures, and
for hydrogen at least up to temperatures at which

dissociation occurs. Helium may not be in complete
thermal equilibrium.

2 ~ The major cause of C(T) not being a constant is
ascribable to the variations in collection efficiency of
the mass spectrometer, due to the eGect of temperature-
dependent momentum of the particles in the neutral
beam.

3. Placement of the mass spectrometer was quite
critical in determining the form of C(T) ~

4. Gas scattering of the neutral beam was not
important at the low fur'nace pressures normally used

~ 3ederson, Malamud, and Hammer, Bull. Am. Phys. Soc. Ser.
II, 2, 172 (1957).

p Brachmann, Fite, and Neynaber, this issue [Phys. Rev. 112,
1157 (1958)g.

in the atomic-hydrogen-ionization experiment (i.e., less
than 30 p Hg).

5. Argon simulated molecular hydrogen quite well
in all experiments made.

For the evaluation of absolute cross sections, the
function C(T)=SsTl was significant because of the
need to evaluate Sp, the molecular signal which would
have been found at high temperatures had the hydrogen
not dissociated, as was indicated in detail in Sec. III-B.
If C(T) were always a constant for all gases, the
assumption that it was also a constant for hydrogen,
dissociated to an arbitrary degree, would be a reasonable
extrapolation. The studies described immediately above
indicated that such a simple approach was not always
applicable.

Particularly significant results from these studies are,
however, that (1) in all experiments performed, molecu-
lar hydrogen and argon appeared to behave similarly,
even to the extent of giving functions C(T) of the same
form for any given mass-spectrometer placement with
comparable gas pressures; and (2) argon appeared to
come into complete thermal equilibrium with the
furnace. This allowed the next most simple extra-
polation for obtaining Sp to be tried. It was assumed
that the functions C(T) for molecular hydrogen and for
argon are proportional at temperatures in excess of
about 1200'K for any given mass-spectrometer place-
ment. In this case, Sp would be proportional to the
argon signal at the same temperature. Alternatively,
it is convenient to redefine Sp by

Sp=C(T)IT'

where the shape of C(T) above dissociation temperature
will be determined from argon data. This approach may
be thought of as using argon to determine the mass-
spectrometer collection eKciency and then applying
these results to the hypothetical molecular-hydrogen
signal. Of course, using argon in this way is entirely
satisfactory only if the momenta of both argon and
hydrogen atoms and molecules are not changed in the
ionizing collision. The mass of hydrogen is such that if
large fractions of the momenta of the incident and
liberated electrons were transferred to the remaining
ion, very substantial sideways deviations in direction
could occur, while the direction of motion of the argon
would change negligibly in an ionizing collision because
of its large mass. Although, to the authors' knowledge,
no detailed studies have been carried' out on the transfer
of momentum to the proton in an ionizing collision
between an electron and a hydrogen atom, certain
features of the Born approximation calculations
strongly suggest that appreciable momentum transfer
does not occur. ' Further, indirect evidence gathered in
this experiment indicates that the difference in momen-

N. P. Mott and H. S. %'. Massey, Theory of A to@sic Col)isions
(Clarendon Press, Oxford, 1949), second edition, pp. 232—236.
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turn between the atom and the ion is not important for
the present purposes.

While other a priori objections may be raised against
this procedure, it satishes two necessary conditions of
the entire experiment. First, it gives a satisfactory
constancy of the ratio of atomic to molecular cross
sections at various temperatures within a given run.
Second, the values obtained from separate runs agree,
for a given electron energy, even though the functions
C(T) for the two runs differ widely. (A third advantage
of this procedure is that the values given at high electron
energies, where it is expected that the Born approxima-
tion calculations will be correct, agree with the Born
approximation values. )

To illustrate the first and second points, it is of
interest to consider two sets of data which are extreme
in the sense that the C(T)'s differ widely. These data
are for an electron energy of 200 ev. In the first set,
the C(T) for argon was shown to be constant to within
experimental accuracy for all temperatures above
1200'K and the constancy of C(T) for hydrogen is

assumed. The hydrogen data, with pertinent calcula-

TAsxz I. First set of sample data. '

T ('K)

1250
1395
1590
2005
2200
2355
2530

S2 S1

650 0
62.5 0
57.0 0
39.7 9.5
23.0 22.5
10.0 31.5
3.5 36.0

c(T)

230
234
228

So

51.3
48.9
47.3
45.7

Q1/'Q2

0
0
0

22
53
79
92

a The temperature, T, and the molecular and atomic ion signals, S2 and
S1, respectively, were directly measured. C(T) =. S2T&. Values of Sa were
determined from Eq. (8), with the value of the constant C(T) taken as 230,
and D and Q&/Q2 were determined from Eqs. (6) and (7), respectively.

tions, are given in Table I. (In this table the third
significant figure is in doubt. )

In the second set of data, conditions were such that
C(T) for argon strongly increased with temperature,
and the points htted quite well a straight line of the
form C(T)=Ci2I 1+0.0128(T—12.0)j, where Ci2 is the
value of C (T) at 1200'K and T is measured in hundreds

of degrees Kelvin. In the corresponding run with

hydrogen, the experimental temperature nearest 1200'K
was 1235'K, at which C had the value 868. Assuming

the straight line given above describes the hydrogen
case, it is straightforward to calculate that the value of
C at 1200'K would have been 864. Table II describes
the results of this run.

Clearly, the value of Qi/Q, at 1815'K is wrong. It
wilI. be recalled that the difference between S2 and So
enters into this calculation, the difference in this case
being little more than 1% of the value of either.
Neither value is known to this accuracy.

These two sets of sample data are extreme in a
second sense. The first set was taken at a room-

temperature furnace pressure of about 12 p Hg, where

TAsr.E II. Second set of sample data.

T('K) Se S1 C(exp) C(calc) So D(%) Q1/Q2

(1200)
1235 24.7 0
1445 23.4 0
1620 22.2 0
1815 21.5 0.9
2270 10.8 8.5
2580 2.4 15.3
2820 0.7 16.6

864
890
894

864
868
890
910 (22.6)
931 21.8
981 20.6

1020 20.1
1040 19,7

~ ~ ~ ~ ~

0
0
0

2.1
48 0.63
88 0.60
93 0.62

gas scattering of the beam is believed to be unimportant.
The pressure in the second set was about 5 times this
and beam scattering probably occurred. The remarkable
point is that, in spite of gas scattering of the beam, the
hydrogen signals, when normalized to argon signals for
comparable hydrogen and argon furnace pressures,
still gave values for Qi/Q2 which were consistent
within the run and agreed with the values obtained
from other runs.

The data for all electron energies were handled as
shown in the two preceding examples. The imposed
requirements for acceptance of the results were that
Qi/Q2 should (1) have the same values within any run,
irrespective of temperature or degree of dissociation,
and (2) have the same values between runs with
different pressures and other operating conditions.

The final results of this experiment are summarized
in Figs. 4 and 5. The solid line is the relative cross
section normalized at 500 ev to the average value
obtained from measurements of Qi/Q2. The probable
error, based only on the statistical spread of the
results and indicating the reproducibility of the results,
is shown at the 500-ev point in Fig. 5. The other points
on the curve are mean values of the absolute cross
section as determined in this experiment.

While data were taken for the absolute cross section
at energies lower than 40 ev, we feel that the relative
cross-section curve is probably more accurate. Since
below 40 ev the molecular curve is steep and actually
crosses the atomic curve, the atomic cross-section
values are more strongly dependent on exact knowledge

IP

l.4

tg

09

—0.7~4

X QS
C3 ~

Q4

—-H, (Tate and Smith)

H Born approximation—
H Experimental

/
I ~ ~

I
I

I
I ~ g ~i. 8
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FIG. 4. Ionization cross-section curve for atomic and molecular
hydrogen. Points are taken from relative cross sections normalized
at 500. Crosses are absolute determinations.
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--Ha (Tate and Smith)
—-H( Barn approximation)—H (Experimental )
Nate Points are absolute

determinations
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Fro. 5. Ionization cross-section curve for atomic
and molecular hydrogen.

of the electron energy than are the relative-cross-section
data, where differences of energy are measured quite
easily and where the exact energy can be found by
requiring that the threshold energy be at the known
ionization potential of atomic hydrogen (13.6 ev).

Absolute cross sections were not determinable in this
experiment above 750 ev, which is the highest energy
used in the measurement of the molecular cross section
by Tate and Smith. Thus, the portion of the curve
above 750 ev is also obtained purely by relative-cross-
section measurements.

Figures 4 and 5 show graphically the results of Tate
and Smith for the molecular cross section, the calculated
cross section using the exact Born approximation, ' and
the atomic cross section as determined in the present
experiment.

Regarding uncertainties and errors in the results, the
signal-to-noise ratio on the mass-spectrometer peaks
normally ranged from 50 to i00, and electron current
was known to be constant during any run to within
2% or less. The reproducibility of results within the
experiment was generally about as indicated in Tables
I and II, i.e., &3%%u~. The largest unknown in the
experiment are, of course, the values of 50, since they
were obtained by an extrapolation the errors of which
are impossible to ascertain. Also, in obtaining the
absolute atomic cross section by multiplying the ratio
obtained in these experiments by the molecular cross-
section values of Tate and Smith, further uncertainty
is introduced because probable errors in the molecular
cross-section values are unspecified.

A further uncertainty arises through the assumptions
that (1) transfer of momentum from the incident
electron to the remaining ion, giving it a sideways
velocity component, may be neglected, and (2) argon
may be used to determine the collection efficiency of
the mass spectrometer. The indirect evidence support-
ing these assumptions is as follows:

i. The agreement of the relative cross-section curves
of H2 with those of Tate and Smith indicates that if
any sideways momentum transfer suKciently strong
to alter the mass-spectrometer collection eKciency

occurs, it is not dependent on electron energy in the
case of H2.

2. If appreciable sideways momentum transfer occurs
in ionizing the hydrogen molecule, C(T) for hydrogen
below dissociation temperatures should increase with
temperature more rapidly than C(T) for the heavy
argon atom. Such a diR'erence was not evident, suggest-
ing that the H&+ ion does not pick up a sideways
velocity component of an amount detectable with our
equipment.

3. If appreciably more momentum were transferred
to an atomic ion than to a molecular ion, Qr/Qs would
be expected to increase with temperature, and such a
systematic increase was not discernible.

Of course, these observations pertain only to the
mass spectrometers used in the present experiment,
and it is not believed that they are particularly signi6-
cant to the interesting question of momentum transfer
in general.

The agreement with the Born approximation at
energies where this approximation is expected to be
valid suggests that this measurement is more accurate
than we can legitimately claim solely on the basis of
the experimental approach.

IV. DISCUSSION OF RESULTS

The results shown in Figs. 4 and 5 are self-evident.
The 6rst Born approximation agrees quite well with
the experimental values above about i5 times the
ionization potential and is higher than the experimental
values at lower energies, as is predicted on the basis of
the known limitations of the Born approximation.
Unfortunately, at the present time there are no other
theoretical predictions for the total cross section for
ionization against which to compare the experimental
results, except in the immediate vicinity of threshoM. "

Also, as threshold is approached the cross section
becomes so small that the single-modulation techniques
employed here make the results insufficiently accurate
for a comparison with theory to be meaningful. How-
ever, certain envisioned experimental modifications
may make possible the study of the threshold in a
future experiment. f
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Collisions of Electrons with Hydrogen Atoms. II. Excitation of
Lyman-Alpha Radiation
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The cross section for excitation of Lyman-alpha radiation in electron-hydrogen atom collisions has been
measured as a function of electron energy. The measurement is made by observing Lyman-alpha photons
with an iodine-vapor-filled photon counter. A relative-cross-section curve is normalized to fit the Born
approximation for high electron energies. The experiment utilizes a 100-cps-modulated atomic beam whose
purity in hydrogen-atom content is determined by ionization and mass analysis. A dc electron beam crosses
the modulated ground-state atomic beam. The photon counter, which looks at the interaction region, has its
output passed through a tuned amplifier and phase-sensitive detection system. Although this treatment of
the counter output as an ac current (in which the quantum of charge is that of a Geiger-Miiller pulse)
introduces some unique noise problems, it satisfactorily separates the photons which arise from the inter-
action under study from those which arise from other processes (e.g., electron collisions with the residual
gas in the high-vacuum chamber).

Some implications of the measured excitation cross section upon scattering theory are discussed.

L INTRODUCTION

' "N the first paper of this series, the measurement of
~ ~ the total cross section for ionization of the hydrogen
atom on electron impact was described. ' The present
paper discusses the excitation of the hydrogen atom to
certain discrete states upon electron impact. The
states of interest are those which lead to the emission
of Lyman-alpha radiation, which occurs at 1216A and
corresponds to a transition from the m=2 to the m=1
state. Because of the differences in experimental
procedures, this second experiment in General Atomic's

program of research on the free hydrogen atom is

presented in a separate paper, although objectives of
the experiment are essentially the same as those of the
ionization-cross-section measurements, namely, to as-
certain the validity of scattering approximations and
to measure atomic cross sections of interest in controlled
thermonuclear research.

In the present measurements a relative-cross-section
curve was taken directly. Absolute values were obtained

by normalizing the relative measurements to Born
approximation values at high energies.

'%. L. Fite and R. T. Brackmann, preceding paper /Phys.
Rev. 112, 1141 (1958)g.

II. EXPERIMENTAL APPROACH
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FIG. i. Schematic diagram of experiment.

~ For further details of the beam apparatus and general experi-
mental procedures, see reference 1 and W. L. Fite, General Atomic
Report GA-267, December 20, 1957 (unpublished).

The experimental arrangement was as shown in Fig. 1.
The atomic beam Qowed from a tungsten furnace in the
first of three differentially pumped vacuum chambers.
It was modulated at 100 cps by a mechanical chopper
wheel located in the second vacuum chamber. The
modulated atomic beam then entered the third vacuum
chamber, in which the experiment was carried out. '

In the third vacuum chamber, a single electron gun,
constructed of cathode-ray-tube gun components,
provided electrons for both ionization monitoring of
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