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Ionization and Excitation in Mercury Vapor Produced by Electron Bombardment
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The experimental determination of ionization and ex-
citation in mercury vapor has been accomplished with an
apparatus which permitted the evaluation of the electron
energy from an accurately known magnetic field and the
dimensions of the ion chamber. As a test of the apparatus
the value of e/m for the electron was measured and found
to be 1.758X10 e.m.u. A brief discussion of secondary
emission and related effects is given. The ionization prob-
ability function is shown to have two important maxima,
the first being at 10.8 volts and the second at 32 volts.

The detailed structure between 10.4 volts and 16 volts
indicates the composite character of the ionization function
while the general smooth trend of the curve above 16
volts suggests that the process is relatively free from com-
plication for high energy electrons. The study of photo-
electric currents produced yielded new data on the elec-
tronic excitation function of the 2'P1', 3'P1', and 4'P1'
levels of the mercury atom showing that these have maxima
in their probability functions at 5.6, 8.9, and 9.6 volts.

DESIGN AND CONSTRUCTION OF

EXPERIMENTAL TUBE
INTRODUCTION

'ANY experimenters have undertaken the
problem of determining the probability of

ionization of mercury vapor as a function of the
electron energy. ' ' These investigators do not
agree with each other except in the most super-
ficial way since the experimental techniques
differed and in no case were the methods used
above criticism. The results here reported are
not an exception to this rule although every effort
was made to improve the experimental methods
so as to be as free from criticism as possible. As
the preceding paper shows, Bell obtained a
confirmation of Lawrence's work but did not
determine the actual yield of ions quantitatively
nor did he ascertain the relative yield using an

energy scale independent of uncertainties of
contact potential differences. A critical exami-
nation of his experimental methods indicated the
steps which should be followed in order to over-
come his difficulties. The present study is thought
to be the logical outgrowth of Bell's preliminary
experiments.

General

The essential parts of the apparatus are
illustrated by Fig. 1. in which a top view is shown
as 1a. The cathode assembly lay in the semi-
circular channel formed in the face plate of the
ion chamber. The electrons from the filament Ii
were accelerated into the analyzer at slit S& and
those of the desired energy followed circular
paths to the exit slit S2 after which they were
accelerated into the ion chamber at S3 with an
increase in the mean energy by a factor of five.
The radius of the electron path increased just
enough for the main beam to pass out through
the exit slit $4 and into the "electron cage" EC.
In the central part of the ion chamber the posi-
tive ion collector P was surrounded by two grids
G1 and G2. The ion collector P also served as the
emitter of photoelectrons when the grid po-
tentials were arranged to exclude positive ions.
The four units of this system are seen to be
(1) the cathode assembly, (2) the analyzer,
(3) the ion chamber with its grids and ion
collector inside, and (4) the electron cage. These
parts were supported mechanically by attaching
the cathode assembly to the analyzer by two
strong insulating members constructed as shown
in Fig. 2a. The parts were all assembled by spot
welding' tungsten to tantalum or tantalum to
tantalum since no other materials were used in
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the construction. In all cases the wires were
prepared for welding so carefully that practically
no adjustments were needed after the welding
was completed. This was necessary in order to
eliminate changes in alignment during the period
of severe heat treatment given to outgas the
metal parts. The electron cage and its guard were
mounted on the ion chamber after which the
analyzer was firmly attached to the ion chamber
by three insulating links. The face plates of the
analyzer and the ion chamber were made from a
single sheet of very Hat 10-mil tantalum by
sawing them exactly to size on the milling
machine. The slits were also sawed with high
precision so that they were in perfect alignment
when the outside edges of the plates were exactly
true with each other. Three heavy tantalum
wires welded together to form a supporting yoke
were welded to the ion chamber and the entire
assembly was supported on one of the tungsten
leads at the top of the tube. The tube blank with
its fifteen lead-in wires was first prepared and
given a twelve-hour bake under high vacuum at a
temperature of 500'C in order to anneal the
glass and test the seals. After this, the envelope
was cracked off a few inches below the top and
the assembled system mounted on a single

supporting wire while the remaining electrical
connections were made using 5-mil tantalum
wire except for filament leads which were two
10-mil leads in parallel. A one-lead support was
necessary since a glass tube of this kind undergoes

iG

FiG. 1. Diagram of experimental tube. (a) Top view
showing cathode F; analyzer A; ion chamber Ic; outer
and inner grids GI and G2, ion collector P; and electron
cage BC. (b) Front view showing location of cathode
assembly and slits. (c) Side view of cathode assembly only.
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FrG. 2. Construction of insulators. (a) Insulators for
mechanical support of heavy structures. (b) Insulators for
extremely high insulation of the collectors.

a considerable deformation upon being evacuated.
Eight leads were brought in through a "cluster
seal" which is a circular array of wires, while the
other leads came in on one triple, one double, and
two single lead presses. The photographs of Fig. 3
serve to supplement this brief description of the
general constructional details.

Electron paths inside ion chamber

To a first approximation the equipotential
surface halfway between the analyzer exit slit
and the entrance slit of the ion chamber, was a
plane parallel to the planes of the analyzer and
ion chamber face plates. On each side of the
median plane the equipotentials penetrated
through the slits symmetrically and therefore
since the electrons entered this system of equi-
potentials at a lower velocity than they left, the
electron beam was less divergent than it would
have been without this lens effect. The electrons
as they entered the ion chamber formed a beam
nearly homogeneous in energy and directed
nearly perpendicular to the face plate of the ion
chamber. When no internal field existed within
the ion chamber, the electrons traveled in circles
with radii proportional to the velocity. For a
given magnetic field, the ion chamber voltage V;
with respect to the cathode as read on a volt-
meter was adjusted to that value for which the
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maximum number of electrons passed around the
ion chamber and out the exit slit into the
electron cage. This condition obtained when the
electron densities at the two edges of the exit
slit were the same. When the electron current to
EC was a maximum one or two percent of the
whole beam current fell on the "high energy"
side of the exit slit and was collected on the
inside of the ion chamber and some thirty to
forty percent of the beam fell on the "low energy"
side of the slit. If the voltage V; was decreased
slightly the current measured at ZC decreased in

spite of the additional electrons coming in on the
"high energy" side of the slit because so many
more electrons were intercepted on the "low
energy" side of the slit. Thus by varying V; over
a small range the electron beam was made to
sweep across the exit slit. If the entrance slit to
the ion chamber were of infinitesimal width and
all of the electrons projected into it perpendicular
to the face-plate, then the diameters of all
electron trajectories would lie in the plane of the
face-plate and the distance from the entrance
slit to the intersection of the trajectory with the
face-plate would be directly proportional to the
velocity. It would be a simple matter to deter-
mine the distribution in electron energy in the
beam from the measurement of the current to EC
as a function of the potential U;, if these con-
ditions were satisfied. Since the main part of the
beam was more or less concentrated into a small

part of the total slit width and entered the ion
chamber very nearly perpendicular to the face-
plate, the energy distribution in the beam was
analyzed according to this scheme although it
was not entirely free from objection.

In general, the gas pressure was so low that
very few electrons were scattered from the beam
and yet in order to make sure that the currents
measured at P were due either to the arrival ions
or the emission of photoelectrons, it was neces-
sary to maintain this collector negative with
respect to the filament. The large negative
potential on I' relative to the ion chamber
repelled the electron beam as indicated by a
change in the current measured at EC. By using
this current as the indicator the outer grid G~

could be made very slightly positive and the
electron trajectories could be brought back to the
original location, as was observed when no

differences in potential were applied to the
elements within the ion chamber. The ratio of the
collector potential to the outer grid potential
(both relative to the ion chainber) for a "neutral
field" along the path of the electron beam, was
250 to one. Since this ratio was independent of
the electron energy it is thought that the
neutralization of the ion collector field was very
nearly perfect all along the electron path in the
ion chamber.

Preparation of mercury

Experience has shown that it is impossible to
obtain accurate reproducibility of surface con-
ditions over long periods of time if the experi-
mental tube is not sealed off from the vacuum
system. In order to supply the tube with a clean
source of mercury vapor, a side tube containing a
mercury "pellet" was attached to the main tube.
This was constructed so that a "pigtail" con-
nected to the pellet could be broken with a sliding
glass hammer by turning the entire tube upside
down after which, upon returning the tube to its
normal position, the mercury ran out of the

FIG. 3. Photograph of tube before attaching
mercury side-arm.
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opening to form a pool in the bottom of the side
tube. Freshly distilled mercury was put into a
still attached to a vacuum system in such- a way
that the mercury could be distilled out of the
first still into a second one which previous to the
distillation was baked for many hours at 500'C.
After transferring some of the mercury from the
first still to the second by slow distillation, the
first one was sealed off and about two cubic
centimeters of this mercury were distilled into
the "pellet" which had also been thoroughly
baked. During the final baking of the main tube
the side tube containing the unbroken "pellet"
was maintained at a temperature of about 300'C
while the rest of the tube was baked at 450' to
500'C. This method of preparing the mercury
was so effective that no appreciable changes were
observed in the surface condition of the filament
after releasing the mercury in the main tube. If a
very small fraction of a monolayer of contami-
nating gas had formed on the filament after the
release of the mercury it would have been easy to
detect it.

Barium-aluminum getter

It is common practice to use a "getter" to
remove the last traces of active gases such as
water vapor and oxygen which even the best of
diffusion pumps cannot remove to the desired
degree. Eight "King Laboratories" barium-alumi-
num 10-mg pellets were mounted between two
tantalum rings, one of which had small circular
depressions punched into it to hold the pellets,
while the other had small holes punched in such
positions that the getter evaporated freely in the
desired direction when the rings were heated to a
high temperature. While the metal parts in the
main tube were heated for some hours by high
frequency currents a series coil also surrounded
the getter ring to maintain it at a dull red heat.
After the seal-off capillary was softened in

preparation for the final removal of the tube, the
getter was fired while the metal parts of the main
tube were kept hot. The tube was sealed off after
about an hour of additional high frequency heat
treatment. Ionization gauge measurements have
shown that a very large amount of gas is liberated
when the seal-off capillary is first heated but if
this is done with sufficient thoroughness no

appreciable gas is given off during the actual
seal-off operation.

There was some question as to the effect that
getter might have in a mercury tube of this kind.
Within a very short time after the release of the
mercury, the getter deposit changed its appear-
ance by taking on a brighter luster showing that
a noticeable amount of mercury had condensed
there. The mercury in the reservoir remained
just as free from any visible contamination after
it was released as before. When it was necessary
to condense out the mercury to obtain additional
high vacuum data which had not been obtained
before the mercury "pellet" was broken, liquid
air was put on the mercury side tube. This
resulted in a rapid reduction in mercury pressure,
as indicated both by electron scattering and by
the number of ions per unit number of electrons.
The residual pressure of mercury remained con-
stant for a period of about thirty-six hours,
during which measurements were made. After
that time a dry-ice bath was placed on the getter
side-arm and the mercury pressure soon dropped
to such a low value that no mercury ions could be
detected. These results are interpreted to indicate
that the vapor pressure of mercury at 25'C is
reduced to 0.02 percent of its normal value when
covered by a film of getter.

ELEcTRIcAL CIRcUITs

Filament heating circuit

The filament heating circuit was a modification
of one used for the study of thermionic emission'
and is shown schematically by Fig. 4. The 500-
volt generator driven by a synchronous motor
furnished power to the thyratron inverter circuit
which was controlled by a 200-cycle oscillator
connected to the FG-67 grids through two power
amplifiers with independent gain control so as to
maintain the heating period at exactly one-half
cycle. A switch S& provided an alternative
method of heating the filament from a battery
for standardization. With the filament current set
at the desired value, the resistance R5 was
adjusted to give a suitable current through the
auxilliary filament I'2. The light from this
61ament fell on the FJ-114 photo-tube and the
current was measured by balancing out the IR

' W. B. Nottingharn, Phys. Rev. 49, 78 (1936).
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Fio. 4, Diagram of filament heating circuit and "photoelectric ammeter. "

drop produced by the flow of current through a
high resistance, as indicated by the FP-54 vacuum
tube electrometer working in the DuBridge-
Brown amplifier circuit. "Since it was desirable
to make a large number of readings which had to
be treated as "simultaneous, "it was necessary to
hold the filament heating conditions extremely
constant and this could be done with the
"photoelectric ammeter" shown.

Measuring circuits

The circuit arrangement for the application of
potentials to the various elements of the tube and
the measurement of currents is shown in Fig. 5.
The relatvie potentials of the various elements are
shown diagrammatically in Fig. 6. Before
entering into the details of the main circuit
mention must be made of the "compensating"
condenser. Electron emission from the filament
to the analyzer was cut off each heating half-cycle
because the IR drop produced in resistance R3 by
the heating current made the filament 10 to 40
volts positive with respect to the analyzer
depending on the value of R3. A small capacity
coupling existed between the filament heating
leads and the input lead to the Compton elec-
trometer used for measuring the small ion and
photoelectric currents. By adjusting R4 to a
suitable value and applying the e.m. f. obtained
there to the compensating condenser, the effect

"L.A. DuBridge and H. Brown, Rev. Sci. Inst. 4, 532
(1933).

of the above-mentioned capacity coupling could
be exactly neutralized.

The potentials U~ on the focusing cylinder, V,
on the analyzer, and V; on the ion chamber were
all measured relative to the cathode with a
special Leeds 8r Northrup type K-1 potentiometer
arranged so that voltages from zero to 16.1 volts
could be measured directly. For voltages higher
than this the drop across a 15,000-ohm resistance
in series with a 135,000-ohm resistance permitted
an accurate measure of the voltage up to 160
volts. This applied particularly to the voltage U;.
La,rge values of the ion collector voltage V„'(the
superscript indicates that this is relative to the
ion chamber instead of the filament) were
determined by first setting the required voltage
on U; with the potential divider and then
adjusting the battery on V~' until the difference
in„potential between the ion collector I' and the
filament was zero. This is a necessary procedure
unless more than one voltage divider is used since
for accurate results the divider must be left
connected to the circuit or else another 150,000-
ohm resistance substituted in its place. With
these methods of measurement and adequate
voltage sources, all potentials were maintained
and known to an accuracy of better than 0.1
percent.

The currents to the analyzer and the ion
chamber were measured on carefully calibrated
gal vanometers and the currents to the ion
collector I' and the electron collector Ec were
measured with a small quadrant (needle radius
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0.25 cm) Compton electrometer of our own

design and construction. The electrometer served
as a null indicator to measure the IR drop over
resistors for currents larger than 10 "amp. Over
the current range 10 "to 10 "amp. the charge
was accumulated on either one of two condensers
the sizes of which were 400&10 "and 11.7)&10 '2

farad and the time required to charge up to a
known voltage was measured. The electrometer
was ised here to show by a null measurement
that all of the charge was stored in the condenser.
The e.m. f. required to hold this charge was
measured on the potentiometer. Since in all cases
the currents measured were not continuous but
were a series of pulses lasting 0.0025 second, a
capacity shunt across each resistance was neces-

sary in order to eliminate Huctuations in potential
of the collecting electrode. The resistances were
made by evaporating platinum on the inside wall

of evacuated "Pyrex" bulbs. The large condenser
mentioned above was quartz-insulated and the
small one was built into the electrometer and
required no insulator other than that used to
support the insulated quadrants. The high insu-

lation switches were made of brass parts insulated

by sulphur with contacts gold to gold.

Control of mercury condensation temperature

A six-junction copper-constantan thermopile
was constructed with thin wall glass insulators
surrounding each junction. A band was made of
thin sheet copper to which six tubes made of the
same material were soldered to hold the "mercury
pool" junctions. This band of copper w as
fastened around the mercury side tube at the
bottom so as to "equalize" the temperature and
maintain good thermal contact between the
thermal elements and the glass wall at the
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FIG. 6. Diagram showing the relative Potentials of the
various elements within the tube.

mercury pool. A large spherical vacuum flask
served as the temperature bath. Much of the
work was done with this flask filled with crushed
ice and distilled water but for the temperature
range between O'C and 25'C a more complicated
control was needed. For this range a copper heat
transfer coil was placed in the bottom of the
water 611ed Hask and water of the desired temper-
ature was circulated through the coil. An air jet
kept the water bath thoroughly stirred at all
times. Manual adjustment of the circulating
water temperature was satisfactory and an indi-
cation of the thermal e.m. f. was observed con-
tinuously with the required accuracy on an L.
K N. student potentiometer. The temperature in
the ion chamber was estimated by assuming that
clean tantalum has the same emissivity at low
temperatures as tungsten and by calculating the
temperature from the power radiated. The Jones-
Langmuir" tables were used.
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With the filament temperature constant and
sufjiciently low so that space charge effects could
be neglected, the potentials V of the analyzer, V;
of the ion chamber, and V» of the focusing
cylinder, were determined as a function of the
magnetic 6eld current by observing the condition

FIG. 5. Diagram of the measuring circuit. .

» H. A. Jones and I. Langmuir, Gen. Elec. Rev. 30, 310,
354, 408 (1927).
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data.

for the maximum current to the electron col-
lector EC. If we assume that on the average the
electrons entering the ion chamber through the
entrance slit and leaving it at (he exit slit follow

paths with a radius equal to half of the distance
between the entrance and exit slits, then the
average electron energy inside of the ion chamber
can be calculated from Eqs. (1) and (2).

e IPr'
V =——

m 2X108

16mni
H=

50X5~R
(2)

Equation (2) gives the strength of the magnetic
field in gauss at the center of a pair of Helmholtz
coils constructed with the separation between
coils equal to the coil radius R. The total number
of turns is n and the current i is in amperes. In
Eq. (1), (e /m) is the charge to mass ratio in

electromagnetic c.g.s. units, r the radius of the
path of an electron moving in a plane the normal
of which is parallel to the magnetic fieM when the
kinetic energy of the electron is U expressed in
electron volts. These equations combined with
the appropriate constants yield the relations

V„,.= 7.29i' and i = (0.1372 V )**. (3)

The value of (e„/m) =1.761X10', which is the
spectroscopic value as given by Birge, was used,
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FIG. 8. Electron current collected at BC as a
function of V,.

The fact that the apparatus worked according to
expectations is illustrated in Fig. 7 by the
straight line relationship between the applied
potential V; required to give a maximum current
to the electron collector EC and the computed
electron energy V . The intercept of this straight
line on the V; axis gave the "effective" contact
difference in potential between the inside of the
ion chamber and the filament which was 1.28
volts. With 0.995 cm as the radius of the analyzer,
a corresponding straight line was obtained for the
relation between the analyzer potential V, and
the computed electron energy U, . The experi-
mental points were represented accurately by the
equation V = 1.29+ U, = 1.29+0.1955 V . The
"effective" contact difference in potential be-
tween the inside of the analyzer and the filament
was thus found to agree with that of the ion
chamber to' within 0.01. volt, which was even
better than might have been expected. The
potential U&, by which the focusing cylinder was
maintained negative with respect to the filament,
was very nearly a linear function of U . In order
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to facilitate the ready adjustment of the 6eld
current and the electrode potentials, a table was
prepared for VI, V, V;, and i as a function of V
covering the range from 5 to 100 volts. If there
had been any change in contact potential differ-
ence with the time as is invariably experienced in
an experimental tube continuously cor nected to
a pumping system, it would have been impossible
to use such a table and the accumulation of
reliable data would have been seriously hampered.

Electron energy d.istribution

A typical curve which shows the observed
electron current collected at EC as a function of
V; is shown in Fig. 8. These data were ta.ken with
V and VI constant and set at the optimum
values as discussed above. The magnetic 6eld
current was constant and the grids and ion
collector inside of the ion chamber were at the
same potential as the ion chamber. The mercury
was completely frozen out by the application of
liquid air to the mercury side tube and dry-ice to
the "getter" tube. The results obtained in this
way agleed in detR11 with those obtained befo1e
the mercury was admitted to the tube. A
logarithmic scale has been used so that one curve
can present all of the data since these extend
ovei R range of neai-ly 10 in cuI rent. In ordeI to
analyze these data we define an electron energy

V~= Vs —1.28 since 1..28 volts 18 the effective
contact difference in potential. %ith i, as the
electron current received at EC, this was plotted
as a function of V,', as shown in Fig. 9. The curve
thus obtained had two points of inHection which
it is easy to show correspond to the passing of the
tIue maximum of Intensity in the electIon beam
across first the inner edge and then the outer
edge of the exit slit as V; (or V,) was increased.
The distance in units of V,& across the slit can be
calculated as follows:

AU&=m

where m is the width of the exit slit in cm, H is the
magnetic Geld, and i the current in amperes
required to produce the 6eld. In every case the
observed distance between inHections agreed
with Eq. (4). As V, was increased the electron
beam swept across the inner edge of the exit slit
adding a small iq.crement of current to i, with
each small change in V,. The slope of this curve
therefore measured the distribution in electron
density across the electron beam and subject to
the limitations discussed above it gave the energy
distribution in the beam. This simple method of
determining the beam distribution applies for
that range of V,' which is 6 V,& wide, as given by

30

Q.gs +00
8

I 1

+Os 4.08 +..20 +-2%
Pg

FIG. 9. Electron current collected at ZC as a function of V,&.
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Eq. (4), beginning at that point on the curve
where the slope is appreciably different from
zero. For larger values of V, ' than the limit of
this range the slope of the curve is the difference
in the ordinates of the distribution function at
the two edges of the exit slit. After correcting
V, '* by the amount -,'(EV,l), the slope obtained
was divided by this corrected V,' and plotted
against the electron energy as shown in Fig. 10.
This correction is very minor but is needed to
bring about a more exact correspondence to the
energy distribution as related to the center of the
slit instead of the inside edge.

Since it was impossible to trace the exact
electron orbits from the 61ament through the
analyzer and the ion chamber, the curve of
Fig. 10 cannot be said to be a perfectly accurate
representation of the energy distribution of the
electrons. For reasons given above it is thought
that the true energy distribution is at least as
good as that shown. According to this curve
nearly half of all of the electrons in the beam lie
within a band only 0.15 volt wide at about 16,5
volts. If the resolving power of this apparatus is
dehned by this ratio, which is practically 0.0j.,
equally careful experiments done at selected
voltages from 10 to 100 volts showed that the
resolving power remained very nearly constant
throughout.

Determination of electron current inside ion
chamber

The curve shown in Fig. 9 also served the very
important function of permitting an accurate
determination of the total electron currentinside
of the ion chamber. The straight lines designated

I

IS3 IS.Q IS.5 I&.S

E)petr on encl"gq volts

FIG. 10. Electron energy distribution subject to certain
approximations.

"a," "0," "c," etc. , divide the:important range
of observation into hve segments each one slit
width in extent. The intersection of the center of
each of these segments with the experimental
curve is a measure of the integral of all of the
current in the electron beam within this range.
The simple sum of these five readings which for
this case was 66&10 '0 amp. , gave the total
current inside of the ion chamber. Since the total
current to the ion chamber including that re-
ceived on the outside was '1 j.6X1.0 " amp. , the
fraction delivered to the inside was 57 percent.
As a function of V, this fraction varied from 54
percent at 10 volts to 78 percent at 100 volts. A
smooth curve passed through all of the points ob
tained and was used in the calculation of the ioni-
zation efficiency, since for this, the number of ionic
charges per unit number of electrons is needed.
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FrG. 11. Electrons collected at-BC as a function of V;
showing electron scattering and secondary emission effects.
Auxiliary scale for secondary electron energies.

Electron scattering, and. secondary emission
effects

A characteristic feature of .all of the curves
giving the electron current EC as a function of
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the ion chamber potential was the Hat portion on
both sides of the peak. (See Fig. 8.) Experiment
showed that the ratio of this current to the
primary beam current was nearly independent
of the electron energy but did depend directly on
the gas pressure. It seems certain therefore that
this represents electrons scattered by the gas in
the ion chamber which in the case represented
in Fig. 8 was the residual gas after all of the
mercury vapor had been removed.

For electron energies less than about 50 volts
the effects of secondary emission within the ion
chamber were so small that they could not be
detected. Certain eA'ects above this voltage are
illustrated by the curve of Fig. 11. Here the
current received at Ec is plotted on a logarithmic
scale as a function of the ion chamber potential
V; while all other voltages were constant. The
main points of interest are (1) the broad max-
imum at 75 volts, (2) the sharp minimum at 97
volts, (3) the minimum at 126 volts and (4) the
maximum at 135 volts. First the 75 volt max-
imum must have been due to the fact that a
considerable number of the secondary electrons

produced by the primary beam had an initial
energy of two to three volts as indicated on the
auxilliary scale and that these followed circular
trajectories from their point of origin into the
exit slit. As the beam energy increased the initial
secondary electron energy which would permit
its path to pass through the exit slit decreased
and, since the yield to the exit slit decreased so
sharply, one may interpret the 9'll' volt minimum
as an indication that there are relatively few

very low energy secondary electrons produced
here. The minimum at 126 volts occurred when
the main beam of electrons was projected into
the right-angled corner formed at the intersection
of the curved back of the ion chamber with the
Hat face plate. On this side of the slit very few
secondary electrons found their way into the
exit slit and when the beam impinged at the
corner even these were absorbed more eAiciently
and left only the electrons scattered by the gas
to give the current observed. The ratio of this
current to that at the peak of the curve when

compared with that of Fig. 8 illustrates the fact
that the gas scattering was nearly independent
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of the electron energy. The rise in the curve to a
maximum at 135 volts is an indication that more
secondary electrons are produced when the
primary beam strikes the metal surface at grazing
incidence than at perpendicular incidence. The
same is true of the x-rays produced.

Collection of electrons against retarding poten-
tials

As illustrated by Fig. 8, the main electron
beam as measured at the electron collector EC
had "wings" on both sides of the peak as a result
of the scattering of the electrons by the gas
molecules. By applying retarding potentials be-
tween the electron collector and the ion chamber
an approximate indication of the electron energy
distribution of these scattered electrons was
obtained. A number of studies were made of
electron energy distributions with various set-
tings of the magnetic field and ion chamber po-
tential. Typical of these are the three curves
shown in Fig. 12 for which the magnetic field was
set to permit 10.84-volt electrons to pass through
the ion chamber when a U; of 12.11 volts was
applied. Curve A shows the current received by
BC as a function of its potential relative to the
filament when V; was 12.11 and thus allowed the
main beam to go into ZC. It is of interest to note
that no decrease in the current received was
observed until the collector was less than two
volts positive to the filament or until more than
a ten-volt retarding potential existed between EC
and the ion chamber. Between one and two volts
the fall in current was very rapid and detailed
analysis showed that this occurred about 0.3
volt sooner than it should purely from the energy
standpoint. Three factors contributing to bring
about this cut-off were (1) the effect of the
magnetic field producing curved orbits for the
slowed down electrons, (2) the bending of the
electron trajectories due to the distorted electric
field in the neighborhood of the slits, and (3)
the possible reHection effect for slow electrons.

Curves 8 and C were taken with values of V;
of 11.0 and 15.0 volts, respectively, and show
that the energy distribution of the scattered
electrons was almost Maxwellian in that it was
represented by a straight line on a semi-logarith-
mic plot. Breaks come in these curves at 11.0
and 15.0 volts, as they should, indicating that

there was no contact potential difference be-
tween the inside of the electron collector and the
inside of the ion chamber.

Here n is the fraction of the total number of
ions produced which found their way to the
collector P and e; the ionization "cross section. "
This is related to the ionization efficiency Z; by
the following:

@i 71p6 i) (6)

where np=3. 56X10" which is taken" to be the
number of atoms per cubic centimeter in an ideal

"W. Bleakney, Phys. Rev. 35, 139 (1930).' R. T. Birge, Rev. Mod. Phys. 1, 1 (1929).

IONIZATION EFFICIENCY

Formulae for conversion of observed results to
standard units

For electron energies greater than 29 volts,
it is necessary to distinguish between the ef
ficiency of ionization and the probability of ioniza-
tion. The latter is defined in terms of the number
of ions of a particular kind such as singly, doubly,
or triply ionized atoms which are produced per
electron per centimeter path while the egciency
of ionization is defined in terms of the total
number of units of ionic charge produced per
electron per centimeter path. Where ionization
in mercury vapor is produced only by single
collisions, there is no difference between the
efficiency and the probability of ionization below
29 electron volts, but above this each doubly
ionized atom contributes two charges to the
efficiency function, and so on. The present study
has determined only the e%ciency of ionization
as a function of the electron energy but this can
be converted to the ionization probability by
using the curves published by Bleakney" for the
relative proportions of ions of differerit charges
as a function of the energy of the bombarding
electrons.

An electron current i sent through the ioniza-
tion chamber along a path of length I through
mercury vapor of density n atoms per cubic
centimeter, produced a current i+ of ions ob-
served at the ion collector P (of Fig. 1a) which is
given by the following formula.

i~= ni (1-e—""c).
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F»G. 13. Probability of ionization in mercury vapor as a
function of electron energy in volts. Arrows show location of
"negative energy" states.

Combining these three equations and assuming
that experimental conditions are such that ~;nI
is very small, we obtain

Z;= (i+/ni )(TgT)i/pgTOL.

From the discussion so far each of these quanti-
ties is directly observable except o. and this re-
quires some further explanation. As mentioned
above, the ion current was measured as a function
of the electron energy with "neutral geld" con-
ditions along the path of ionization. Over the
range for which the ionization efhciency changes
rapidly with electron energy it was impossible to

gas at a pressure of 1.0 mm of mercury and at
the temperature of O'C or To'K. (If To is taken
at some other value than 273'K, then eo will be
numerically different. ) If T~ is the absolute
temperature of the mercury reservoir and p» the
vapor pressure of mercury at the temperature T»,
and T is the temperature in the ionization cham-
ber, then assuming ideal gas laws„we have the
following expression for e.

n =n ppgTo(T, T)

determine the. value of o, by direct measurement
since the application of electric fields within the
ion chamber to sweep all of the ions to the-

collector would have destroyed the homogeneity
of the electron energies and invalidated the
results. Even though the value of n depended to
a certain extent on the potentials applied to the
ion collector I' and the outer grid G» to create the
"neutral held" condition, it was still possible to
put together a sufficient number of overlapping
curves to obtain a single complete curve giving
the relative e%ciency of ionization over the entire
range of observation from the ionization poten-
tial up to 100 volts. As will be shown below, there
was a broad maximum in this curve as is well
known from the results of previous investigators.
Clearly observations made near this maximum
did not depend to any great extent on the homo-
geneity of the electron beam and therefore in this
region sweeping-out fields were applied to collect
all of the ions at a collector without appreciably
vitiating the results and thus allowed the de-
termination of 0..

(Kelley) log~o p = —3283/T

—0.827 log~o T+10.37, (9)

(L. and B.) loggo p= —334.262/T
—0.847 logto T+10.5724. (10)

The range of application of the latter formula is
given as —10' to +200'C. The two formulae
above agree very well over the range needed for
the present study and can be represented to the
required accuracy by the equation

ol p = 132 && 10'e—~4»5t~.

(11)

(12)

In all of the above equations the pressure is given

'4 M. Knudsen, Ann. d. Phys. 29, 1'l9 I,'1909); Landolt-
Bornstein, Vol. II (1923), p. 1334.

'~ K. K. Kelley, Bureau of Mines Bulletin 383.

Vapor pressure of mercury

Two sources were used for data on the vapor
pressure of mercury. These were the Landolt-
Bornstein tables'4 and Kelley's" compilation of
vapor pressu're data. From these two sources the
following two equations were obtained:
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in millimeters of mercury and the temperature
is in 'K.

Ionization near the ionization potential

The final results obtained for the ionization
probability in the immediate neighborhood of
the ionization potential are presented in Figs. 13
and 14. The general similarity between the curve
of Fig. 13 and that obtained by Lawrence' is at
once obvious. In Fig. 14 the ionization proba-
bility has been plotted on a logarithmic scale in
order to make available the data obtained within
the first few tenths of a volt of the ionization
potential. The circles shown give the results as
observed without making corrections for the slit
width and a small photoelectric current of elec-
trons released from the ion collector by the
radiation in the ion chamber. Since the details as
to the distribution of electron energies could not
be known exactly, it was impossible to apply a
rigorous method for reducing the observed results
to an accurate ionization probability curve. Ap-
proximate methods were used with the result
that the solid line shown is thought to be as
accurate a representation of the actual prob-
ability curve as can be drawn.

The maximum observed at 10.8 volts and the
minimum at 1.1.05 volts are in some ways the
most interesting details of the curve. It is quite
possible that the cathode fall in a mercury arc
discharge is stabilized to a considerable extent
because of the fact that 10.8-volt electrons have
a higher probability of producing ions than other
electrons with energies up to 11.15 volts. The
other structural features shown in Fig. 13, are
no doubt of less practical significance but may
be important to the detailed understanding of
the collision process in mercury vapor.

It hardly seems necessary to attribute these
irregularities to "ultra-ionization" potentials as
is usually done. ' ' The interpretation which
seems most natural is closely related to the pro-
posals made by von Hippel. "As will be shown
below, the excitation of the 23Pip state of the
mercury atom from the 1'Sp state, by electron
bombardment has zero probability at 4.87 volts
(the minimum energy for excitation) but at 5.6
volts the electron has its maximum probability
of producing this transition. Although this ex-

"A. von Hippel, Ann. d. Physik 87, 1035 (1928).
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FIG. 14. Probability of ionization showing details within
first volt from ionization potential.

periment can not be said to be absolutely con-
clusive for reasons which will be given, the indi-
cations were that no such clear maximum exists
for the transition to the 2'P~ state. The possi-
bility that the excitation function for inter-
combination transitions generally has a max-
imum within a few tenths of a volt of the mini-
mum energy required for excitation and that
terms within the singlet system may not have
this maximum so near to the minimum excitation
potential has been recognized for some time.
Since the series limits of both the triplet series
and the singlet series are at 10.38 volts it seems
reasonable to suppose that the probability of
ionization would have a twofold character and
that the peak at 10.8 volts might be ionization
according to the mode of the principal triplet
series while the general background and broad
maximum at about 32 volts is to be associated
with ionizati'on without change in spin momen-
tum which characterizes the singlet system. Other
details, which may be seen between 11.5 and
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15.5 volts, may be due to the influence of the
"negative energy" states which involve the
initial absorption of energy by both of the valence
electrons with the ultimate expulsion of one of
these electrons with considerable kinetic energy
and the return of the atom to the unexcited
ionized state. The location of two of the known
"negative energy" states' are indicated on Fig.
13 by arrows. The fact that "kinks" occur near
these points may be without significance since
the probability curve for a particular mode of
excitation cannot be expected to have a high
value when the electron energy barely exceeds
the minimum required for its excitation. In some
ways it seems that the more complicated the
process of excitation is the nearer the maximum
of the probability curve comes to the minimum

energy value. Above 15.5 volts no detailed struc-
ture could be clearly demonstrated. This sug-
gests that within the first two or three volts of
the ionization potential the probability curve is
dominated by the superposition of a number of
modes of ionization while above 15.5 volts these
become of negligible importance. "

"R.F. Bacher and S. Goudsmit, Atomic Bnergy States,
(McGraw-Hill 1932), p. 227.

' The following analysis of the energy states expected
as based on theoretical considerations has been worked
out by Dr. W. E. Albertson.

Since it appears that the most prominent excitation peaks are due
to intersystem combinations of the type tS0 —3P&' it is of interest to
speculate on the probable positions of those peaks which arise from
excitation to other 3Pio and 3D&o levels theoretically expected to occur
in mercury, but which have not as yet been found.

There are three electron configurations of interest, namely. .
Sd96s'6p —this configuration will give rise to the levels 3P&o, 'Pro,

Ionization by high energy electrons

%hen mercury vapor is bombarded by elec-
trons with energies exceeding 29 volts, both
singly and doubly charged ions are produced
with the result that the egciency of ionization is
observed instead of the probability. The solid
curve of Fig. 15 shows the result obtained.
Bleakney" observed in a mass spectrograph the
relative proportions of singly ionized and doubly
ionized atoms as a function of the electron
energy. His curves were used to reduce the
observed efficiency curve to the probability
curve, as shown by the dashed line of Fig. 15.

The dotted curves of this figure present the
results obtained by Smith' and by Compton and

and 3Dto, all of which have J values of one. Consideration of the rela-
tive bindings of the Sd and 6s electrons indicates that the terms of
this configuration occupy the region 8.1 to 11.0 volts above the ground
state. 3P& and 3Di will probably be below the I,P, (10,38 volts), whereas
~P& may be close to, but above the I.P.

Sd»6p7s and Sd»6p6d —the former will give rise to the combining
levels 3Pqo and jPio, the latter to 3Pio, ~Pro and 3Dio. Since the excitation
to these states involves a two-electron jump from Sd»6s~, it is quite
possible that the resulting peaks will be comparatively insignificant.

A rough evaluation of the energies of these configurations may be
made by considering the difference in energies between the 6s electron
and the 7s and 6d electrons and adding those energies to that of the
5d»6p6s configuration.

The difference in energy between 6s~ and 6s7s is 7.8 volts, hence the
excitation potential of 5d»6p7s will be, to a first approximation, 4.6
plus 7.8 or 12.4 volts. The levels from this configuration should spread
over a region of about two volts, hence the excitation potentials should
be near 12.4 volts and on up to 14.4 volts.

In like manner it can be estimated that the excitation potentials
for levels from 5d»6p6d should be near 13.4 volts and on up to 15.4
volts.

While these estimates are not necessarily accurate to within a volt,
they do fall in the range necessary to afford a plausible explanation of
several of the minor excitation peaks between 12.5 and 14.5 volts.

(For notation see Chap. XII of H. E. White, Introdlc-
tion to Atomic SPectra, (McGraw-Hill, 1934).)
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Van Voorhis. ' Comparison of these diferent
eSciency curves shows that reasonable agree-
ment exists but the diff'erences greatly exceed
the estimated errors in each case. Although
certain difficulties experienced by the previous
investigators can be pointed out, it cannot be
said that the differences are explained in that
way. In the present case every test that could
be devised to test the validity of the final results
was used. Under all circumstances the fact that
the ion current was accurately proportional to
the electron current indicated that ionization by
multiple collisions could be neglected. The ion
current was observed to be directly proportional
to the mercury density in the ion chamber.
This served to show that very few electrons
produced ionization at more than one collision.
The data for the probability curves shown were
taken with the mercury reservoir at O'C.

EXCITATION OF OPTICAL LEVELS

Excitation of ) =2537'A radiation

Because of the small area of the ion collector
P only one quantum in 1500 was intercepted by

this electrode. It was thought therefore that the
photoelectric current produced by the absorption
of 2537A radiation would be so weak that it
could not be detected. This was found not to
be the case for experiment showed that PP, =0.4
where P, is the probability of exciting the 2'P&'

state from the 1'So state by electrons with an
energy of 5.6 volts and P is the probability that
a light quantum which strikes any part of the
collector P will emit a photoelectron. The colli-
sion probability as given by Brode" is about 120
and the fraction of these collisions which excite
atoms to this state is probably between 0.01
and 0.1. Seiler's'0 determination gives 0.04 at
his maximum and 0.025 at 5.7 volts. This sets
the range of P to be from 0.33 to 0.033. In other
words, with the smaller value of P one photo-
electron is produced for every thirty light quanta
falling on the surface of P, or, with the larger
value, one in three. This is an unusually large
yield and probably calls for some special mecha-
nism which is more efficient than is usually the
case. For example, it might be possible that a

~9 R. B. Brode, Proc. Roy. Soc. A125, 134 (1929).
R, Seiler, Zeits. f. Physik 83, 789 (1933).



monolayer of mercury atoms is maintained by
the constant arrival of atoms at the surface of
the metal. Although the lifetime on the surface
of a given atom might be short, it is quite possible
that there is a very high concentration of mer-
cury atoms bound very loosely to the surface
and capable of absorbing resonance radiation
and transferring the energy to a surface electron.
An experimental test of this hypothesis is to be

Invade.

By connecting the inner grid (see Fig. 1) to
the ion collector I' a larger surface was obtained
for the emission of photoelectrons. Fig. 16 shows
the current as a function of the electron energy.
A careful examination over the range of electron
energies from four to five volts showed no indica-
tion of current emitted due to the absorption of
energy'from metastable atoms which could have
been produced as soon as the electron energy
exceeded 4.65 volts.

The energy values of many of the important
terms of the mercury spectrum are shown on
Fig. 16. A comparison between the observed
current and the indicated energy levels shows
that the 5.6-volt peak with its onset at 4.9 volts
must be associated with the 2'E~' transition.
There may be two explanations for the fact that
there was no important variation in the photo-
electric current as the electron energy exceeded
that required to excite the 2'2'~' level. These are,
first, the surface might not have been as sensitive
photoelectrically to the ) =1849A radiation as it
wRS to the 2537A radiation for wlllc11 It seemed
to be abnormally sensitive, and secondly, it is
possible that the probability function associated
with this transition may start rising very slowly
and reach important values at ten or more
volts. The sharp rise in photoelectric current
begInnIng Rt 8.6 volts Rnd ICRchIIlg R maximum
at 8.9 volts seems to be deEinitely related to
the 3'2'I' term located at 8.60 volts. The next
peak located at 9.62 volts is probably associated
with the excitation of the O'P~' level which
requires a minimum energy of 9.44 volts. The
onset in this case is less distinct because of the
rapid rise in general background of photoelectric
current which becomes so important for energies
greater than 9.0 volts. 'Although the set of data
presented in Fig. 16 does not establish the
existence of the 9.6 volt peak as convincingly as

might be desired, other data taken demonstrated
it with much more certainty. As the electron
energy approached 10.4 volts it became very
difficult to distinguish between ions arriving and
photoelectrons leaving. A positive potential on
the outer grid prohibited the reception of ions
formed out in the main body of the ion chamber
but at the same time this potential served to
bring a few scattered electrons over to the
outer grid. If any of these produced ionization
just before they were absorbed by the outer
grid, then a large proportion of these ions were
accelerated into the photoelectric surface and
thus interfered with the accurate determination
of the true photoelectric current.

Attention should be drawn to the fact that the
5.6-volt peak of Fig. 16 has been drawn as ob-
served and was accurately reproduced under a
wide variety of conditions of vapor pressure and
current. One of the latest determinations of the
form of the 2'PI' excitation function was that
of Seiler" whose observations were much more
indirect in character and led him to conclude
that the maximum of the probability function
occurred at 6.9 volts. A redetermination of this
function using experimental techniques so as to
measure the absolute values of the probability
function, would no doubt be of great value.

A critical examination of Smith "s' experi-
mental results leads to the interpretation that
some of his "ultra-ionization" potentials were
due to photoelectric effects. In his Fig. 7 there
is R vcI'y IlotlccRble 11ump in the cul ve near

12.6 volts according to his scale. If it is assumed
that this is the 10.8 volt maximum of Fig. 13 then
a displacement of his set of critical potentials by
1.8 volts would be demanded. With the intervals
maintained as published by Smith, these critical
potentials have been recorded, as shown in

Fig. 16. It is obvious at once that this displace-
ment brings his 6rst value (a) to 8.6 volts, which
marks the beginning of the big rise in the photo-
electric current. Critical potentials at (b) and (c)
corresponded to larger deviations from a smooth
curve than some of the others and might be
related to the maxima at 8.9 and 9.6 volts.
The "hump" mentioned above lies between (d)
and (e). There are many term levels between 9
and 11 volts which are not shown in the 6gurc
and since some of these no doubt have excitation
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functions which rise rapidly and then fall off,
it seems altogether likely that Smith's many
critical potentials may be explained in this way.

SUMMARY AND CQNcLUsIQNs

1. It has been demonstrated that it is possible
to build an apparatus for the determination of
the electronic excitation and ionization functions
of mercury, which is sufficiently free from
spurious effects to permit the accurate determi-
nation of the energy of the bombarding electrons
from the dimensions of the apparatus and the
strength of the magnetic field.

2. Measurements of the photoelectric current,
emitted from an electrode within the region of
excitation, show that the probability of exciting
the 2'P&' level of the mercury atom rises rapidly
from zero at 4.9 volts to a maximum at 5.6
volts and that the excitation of the 3'P1' and
the 4'P1' levels are characterized by similar curves
with maxima at 8.9 and 9.6 volts, respectively.

3. Ionization has been observed to set in at
10.4 volts and rise to a distinct maximum at
10.8 volts followed by a minimum at 11.05 volts.
Definite structural details of a minor character
were observed up to about 16 volts.

4. The egciemcy of ionization has a maximum
of 19.2 ionic charges per electron per cm path at
1 mm pressure and O'C for an electron energy
of 42 volts while the Probability of ionization to
the first stage has a maximum of 18.2 at 32
volts.

It is a pleasure to acknowledge my indebted-
ness to my colleagues at the Institute and in
particular to Dr. Arthur R. von Hippel for the
opportunity of discussing with them many of
the interesting problems which arose in con-
nection with this research. For technical assist-
ance I am indebted to Mr. Allyn B. White and
for the skillful glass-blowing required in the
preparation of the experimental tube I owe much
to Mr. Lawrence W. Ryan.
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Spark Breakdown Potentials as a Function of the Product of the Pressure by the Plate
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Measurements were made on the sparking potentials
between fixed plane parallel electrodes in purified, rnerclry-
free A, N2 and H2 for Pt and Na cathodes for extended
pressure ranges. The eEect on the sparking potentials in
H2 produced by heated Pt and Na cathodes was investi-
gated. In all of the gases studied, the values of the sparking
potential are lower for a Na-coated Pt cathode than for a
dean Pt cathode throughout the pressure ranges investi-
gated. The percentage lowering, which is especially pro-
nounced near the minimum sparking potential, decreases
with increasing pb. In A, the sparking potentials for a
Pt cathode agree very closely with the Fe cathode values
of Penning except in the vicinity of the minimum sparking
potential; the discrepancy at low values of pb is caused by
the difference in cathode surface. For a Na-coated surface,
the sparking potentials are 50 percent lower in the vicinity
of the minimum and 7.5 percent lower at pb equal to
240 mmXcm. The predischarge currents within a few
volts of breakdown were less than 10 ' amp. for both Na
and Pt surfaces. The effect of a Na cathode on the break-

down potentials in A is in satisfactory agreement with the
quantitative predictions of classical Townsend theory
given by Loeb. In N2, the lowering produced by Na is
28 percent near the minimum and 20 percent at pb equal
to 340 mm)&cm. The N2 results are not applicable to the
theory discussed by Loeb because of the heavy predis-
charge currents, 360 microamperes at PB equal to 356,
which occur in the presence of Na. The lowered sparking
potentials and the heavy predischarge currents, as well
as the increase in the values of the Townsend coefficient n
in the presence of a Na-covered cathode which was ob-
served by Bowls, indicate that there occurs in the presence
of Na a volatile substance, Na or something else, of vapor
pressure greater than 10 4 mm and ionization potential
less than that of N2 which acts independently of cathode
phenomena. H2 is intermediate between N2 and A both
with respect to the approach of the Na and Pt curves at
high pb and the magnitudes of the predischarge currents.
In the H2 —Na case, the marked predischarge currents
and the lowered sparking potentials are probably caused




