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Therinionic Emission from Tungsten and Thoriated. Tungsten Filaments
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(Received October 7, 1935)

The electron emission from pure and thoriated tungsten
filaments has been investigated as a function of the
applied potential over the entire range from a few volts
retarding to 1400 volts accelerating including careful
studies at zero field. The filaments were heated with
pulsating currents from thyratrons to eliminate during the
measurements any drop in potential along the filament.
The energy distribution of electrons was found to be
deficient in slow electrons. An empirical reflection factor
of R(p, ) =exp —p„'/2m', where ao is a constant 3.05 0&10 "
erg, represents the observed data for all temperatures and
all states of activation for the thoriated tungsten, Analysis
shows that there is no disagreement between the new
results and the experiments of Germer. Zero-field Richard-
son plots show that the reflection effect alters both the A

and b of Richardson's equation. The resulting values after
correcting for reflection are A =204 and b =55,100 for pure
tungsten. This value of A indicates a negative temperature
coefficient of the work function of 4.3X10 ' volt per de-
gree, which has been verified by an independent experiment.
New data on the electron emission in accelerating fields
are given for many states of activation, showing that there
are large deviations from the Schottky mirror image theory.
Becker's patch theory is discussed brieAy and a simpler
strip theory is developed which serves to represent the
observed data as an empirical result. This analysis shows
that the patch theory is not suitable to explain the reflec-
tion effect since it is independent of the state of activation
of the filament.

INTRODUCTION

HE thermodynamic treatment of Dushman, '
as well as the Fermi-Sommerfeld' theory of

metals, yields the equation

I= (4s.mek' jk') T'e "r

for the saturation emission from an ideal emitting
surface at zero field. The constants ns, e, k, and h

have their usual significance and if values are
introduced so as to express the current in amp.
per cm', this coefficient has the value 120 amp.
per cm' per degree. ' Experiment shows that no
known emitting surface meets the requirements
of being an ideal surface. Real surfaces are
defective in the following respects: (1) The true
surface area is generally not equal to the apparent
area. (2) The work function b which would be
appropriate for a given small area of the surface
(for example, a single crystal facet) is generally
not the same over the entire surface used in
experiment because of defects at crystal bound-
aries and because evaporation often exposes two
or more kinds of crystal facets. Surface contami-
nations produce regions of different work func-
tions. (3) Real surfaces generally show electron

' S. Dushman, Phys. Rev. 21, 623 (1923).Original treat-
ment did not include effect of electron spin which doubles
the earlier value of 60 amp. per sq. cm per degree.

2 L. Nordheim, Physik. Zeits. 30, 177 (1929).

reHection effects. (4) Instead of the true work
function b, we usually measure another quantity
bo which may be related to b by the equation'

b =bo+nT.

It is the purpose of this paper to present
certain new experimental facts which may be
interpreted in terms of these differences between
real and ideal emitting surfaces. The method of
attack was to study the electron emission as a
function of the electric field over the entire
range from a few volts of retarding potential to
over 1400 volts accelerating potential for as wide
a range of temperature as possible and for all
states of activation when using a thoriated
filament.

ELECTRON EMISSION FROM A FILAMENT IN A

RETARDING ELECTRIC FIELD

Experimental tubes
For accurate measurements of emission in a

retarding field or with very low accelerating
fields, it is absolutely necessary that there be no
drop in potential along the filament being
studied. The filament must be long and the
emission must be uniform over the entire length
which is able to deliver current to the observing

3 Within the accuracy of present day experiments, only
these two terms of the power series expansion are needed.
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FIG. 1. Thyratron inverter circuit for heating filament with pulsating current.

instrument. The tubes used with thoriated
tungsten filaments contained five tantalum col-
lectors 1 cm in diameter, concentric with respect
to the filament. The center collector, 2.5 cm long,
was well insulated and served to deliver the
electron current to the electrometer for measure-
ment. The measuring circuit insured that this
collector was always at ground potential. The
two collectors adjacent to this one were 4.5
cm in length and were always maintained at
ground potential. The two outermost collectors,
also 4.5 cm in length, were generally maintained
12 volts negative with respect to the filament.
This was done in order to suppress all electron
emission from the ends of the filament which were
never in the same condition as the middle
because the temperature was lowered by the
cooling effect of the leads and because the state
of activation was very different from that at
the middle. The filament material used is desig-
nated by the General Electric Company as "E"
wire containing about one percent Th02 and no
carbon. The filaments were about 21 cm in
length and about 2.8 mils in diameter. The upper
end of the filament was fixed while the lower end
was held by a tungsten spring made in accordance
with the information published by Langmuir and

Blodgett. 4 The filament was welded to small
"chips" of tantalum which in turn were welded
to the supporting connections. Potential leads
were also welded to these "chips" so that the
true over-all potential of the filament could be
measured accurately by a Leeds and Northrup
type K potentiometer operated to give a 16-volt
range instead of the usual maximum of 1.6 volts.
The potential drop over a one-ohm resistance
served to give an accurate measure of the
filament current. The temperature of the filament
was determined from these measurements after
correction for end losses, ' with both the
Langmuir-Jones' and the Forsythe and Watson'
temperature scales. Since these two scales yield
temperatures which differ by about 3 to 5
degrees, a temperature was always taken lying
between the two scales, generally a little nearer
the F and K value. The temperatures were
calculated from the functions, according to the
Langmuir-Jones notation, A/d:, VA&/l and

4 Katharine B.Blodgett and I. Langmuir, Rev. Sci. Inst.
5, 321 (1934).

« I. Langmuir, S. MacLane and K. B. Blodgett, Phys.
Rev. 35, 478 (1930).

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

~ W'. E. Forsythe and E. M. Watson, J. Opt. Soc. Am.
24, 114 (1934).
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VA/ld. In terms of the resistivity R and the
total watts W, these are Wl/Rl, W'Ri and W,
respectively. In computing the 6nal tempera-
tures, the last two were given greater weight.
When the 61ament was heated by pulsating
current, the temperature was held constant
within about 0.1 degree by a "photoelectric
ammeter" which will be described below.

One of the tubes containing the pure tungsten
wire (G. E. Co. 218) had only three collectors
and consequently the results obtained are proba-
bly less reliable because of the shortness of the
61ament and the fact that impurities might have
been present near the cool ends of the filament,
giving an abnormal contribution to the emission.
Another tube with a tungsten 61ament had 6ve
collectors as described above and also 0.6-mil'

potential leads welded directly to the filament at
a distance far enough from the supporting leads
so that the cooling effect could be neglected. In
this tube the 61ament was not exactly on the
axis of the collectors at all temperatures and
therefore the results obtained in this case are
subject to a little doubt, although calculation
shows that the effect of noncentering should be of
secondary importance.

An extensive outgassing schedule was used in
everv case, lasting between three and five days.
All metal parts were outgassed before assembly
and the cylinders were heated many hours at a
high temperature by induction after t'he final

assembly. Oven baking at 450'C was used.
Before sealing off, two or three magnesium-
barium getter caps were heated lightly to give a
deposit of "getter" over the lower end of the
tube. After heating the getter caps and also the
seal-off constriction, the collectors were heated
extensively by electron bombardment just before
the final seal-off of the tube. Ionization current
measurements were made by connecting the
center collector to a potential 22 volts negative
with respect to the filament and the two adjacent
collectors to 220 volts positive with respect to the
61ament. The electron current to ion current ratio
was generally about 107 to one. Although this
corresponds to a pressure of about 10 mm of
mercury, the fact that the condition of the
filament would remain very accurately constant
for weeks at a time without high temperature
flashing proved that the partial pressure of any

gas which could contaminate the filament had
been reduced to a very small fraction of that
indicated by the ionization current measure-
ments. Early in the outgassing process the
61ament was heated to at least 3000'K for ten
seconds and maintained at somewhat lower
temperatures for some hours to remove the traces
of impurities which so greatly distort results if
this is not done.

Electric circuits

The 6lament heating circuit was patterned
after the one described in a previous publication,
which will be referred to below as (PR—I).
Certain improvements which make for a con-
siderable increase in accuracy necessitate the
reproduction of the circuit diagram in its
modified form. Although one can see by an
inspection of the diagram the main features,
some of the others need explanation.

The galvanometer G gave a continuous indi-
cation that the heating current was on exactly
one-half of the time. This was accomplished by
first adjusting the resistance R& to give the
corr'ect heating current through the 61ament
after which the switch 5, was opened so as to
cause both thyratrons to remain on continuously.
R2 was then adjusted to bring about a "static"
balance, as indicated by the galvanometer G.
The resistances of the two branches of the circuit
were thus equalized to better than 0.1 percent.
With switch 5, closed, the 200-cycle oscillator
input to the grids G& and G2 was adjusted to give
a "dynamic" balance as indicated by the
galvanometer. After this was done, a check of the
thermionic current, with an accelerating field
high enough so that the drop in potential along
the 61ament when heated by direct current was
negligible, showed that the electron current
delivered with pulsating heating current was
accurately one-half that observed with d.c.
heating.

Because of the fact that dielectrics are never
perfect, compensation was necessary to eliminate
the capacity currents which would otherwise How

in and out of the collector system because of the
large changes of potential of the filament with
respect to the collector as the heating current

K. B. Nottingham, Phys. Rev, 41, 793 (1932).
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went on and off. In the extreme cases, this was as
much as 75 volts. The compensation was ac-
complished by putting on a retarding potential U

of about 6 volts, so as to cut off all electron
emission, after which the ground key was opened
while the electrometer circuit was arranged for
the highest sensitivity. If the compensation was
not correct, a throw to the right or left was
observed, depending on whether the ground key
was opened during a heating or nonheating cycle.
By adjusting rheostat R3 and resistance R4 this
throw was eliminated, thus showing perfect
compensation.

For the smallest currents the rate of charging a
condenser was used for the measurement. The
condensers used were 11.5)&10 " farad and 403
&(10 "farad, the smaller being mounted as part
of the electrometer, while the latter was a quartz
insulated 25-plate fixed condenser which also
served as a standard for calibrating the high
resistances used when the range of electron
currents measured was so small that the one
megohm standard could not be used satis-
factorily. These condensers permitted the meas-
urement of currents of 5)&10 '5 amp. to an
accuracy of about 2 percent. The electrometer
sensitivity was 6 mm per millivolt, and it was
adjusted to be very slightly under-damped with
a period of about 4 sec. The electrometer was of
the Compton type of our own design with a
needle of 2.5 mm radius.

Resistances between 6 and 5000 megohms were
made by evaporating platinum in high vacuum
on the inside of Pyrex bulbs. These, as well as
wire wound resistances from 100 ohms to one
megohm, were used for measuring the high
currents. In every case the resistances were
shunted by capacities such that the time constant
CR was of the order of 0.6 sec. This is necessary
in order that the collector potential remain
essentially at ground potential as indicated by
the balance of the electrometer, otherwise the
collector will go negative with respect to ground
about half the voltage required to give the
compensation.

A General Electric FJ-114 photo-cell was used
with the "photoelectric ammeter. " Since this
tube changed its sensitivity slowly after changes
in illumination, it was kept under a constant
state illumination continuously. The shunting

resistance R5 permitted the use of a constant
current through the auxiliary filament. The
output of the photo-cell was measured by a null
method using an FP-54 ampli6er. Thus the zero
reading of the ga, lvanometer in the plate circuit
served as a continuous indication of the filament
temperature. The sensitivity was such that a six
to ten-cm deflection was produced by a one-
degree change in temperature of the filament.
While one galvanometer lamp was used to indi-
cate the deflection, a second one was used for
automatic compensation. The image of the
condensing lens A of the galvanometer lamp was
brought to focus by the galvanometer lens 8 on
a large reading glass lens C 6tted with a wedge-
shaped aperture. This lens focused the image of
the lamp filament on a FJ-114 photo-cell which
controlled the plate current of a 56 type vacuum
tube shunted across the field rheostat of the
generator. By adjusting the intensity of the
lamp, the system could be made to compensate
almost perfectly for all rapid changes in the
61ament heating circuit due to changes in the
power line voltage or frequency. This continuous
temperature indication and automatic adjust-
ment supplemented by manual control was
absolutely essential for obtaining accurate re-
sults. Even though the absolute temperature is
not known to better than two or three degrees,
the temperature must be maintained constunt to
within a tenth of a degree because the emission
change with the temperature corresponds to
between the thirtieth and the fortieth power.

Experimental results

The curves of Fig. 2 illustrate in a qualitative
way the sort of results one obtains for a thoriated
6lament at various states of activation. The
energy distributions are all alike independent of
the state of activation, and the contact potential
shifts with changes in activation in the expected
way. It is not difficult to determine zero 6eld
from these data when plotted on a much larger
scale and 6tted by a computed curve as is
illustrated by Fig. 3. The applied potential at
zero field is shown on each curve by a short
vertical mark. Theoretically these zero-6eld
points should have fallen on a straight line the
slope of which is shown by the dotted straight
line marked "theory. "The fact that these points
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FIG. 2. Electron energy distributions from a thoriated
filament for different states of activation. T=1160'K.
Short vertical lines joined by light weight solid line show
zero-field points. Dotted line shows theoretical slope of
zero-field line. Dashed line shows theoretical energy
distribution for Z=1.0 computed for cylinders and assum-
ing no reflection.

do not fall exactly on the dotted theoretical line

may be attributed to the rather unfamiliar effect*
that the work function of a collector as indicated
by its contact potential increases as a result of
the flow of a large current of slow electrons. The
flow of electrons with an energy of 50 electron
volts or more produces the opposite effect. The
time required for the collector to recover from
such effects lasts for some minutes or even hours
in the case of nickel collectors which have
received considerable thorium. The time of re-
covery for clean tantalum collectors is less than
the time required for measurement. Time lag
effects have also been observed by Millikan, '|ermer, "Monch "and Nottingham. "

It is important to notice that the curves do not
follow the theoretical energy distribution curve,
shown by the dashed. line of Fig. 2. This is
calculated assuming that the electrons have a
Fermi-Dirac distribution within the metal and
have a transmission coeKcient of unity. The
natural conclusion, of course, is that there is
some mechanism producing reflection at the
surface with the result that part of the slow

* Dr. Irving Langmuir insists that this phenomenon
should have a name. The author therefore suggests that it
be called the "anode e8ect."

P R. A. Millikan, Phys. Rev. 18, 236 {1921)."L.H. Germer, Phys. Rev. 25, 795 (1925).
"Gunther Monch, Zeits. f. Physik 65, 233 (1930);

W. Leo, Ann. d. Physik 9, 347 (1931).
"W. B. Nottingham, Phys. Rev. 39, 183 (1932).
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FrG. 3. Composite of electron energy distributions for
nine states of activation. Circle, Z=0.046; cross, Z =0.25;
triangle, Z = 1.3. Line computed with k/co =4.5 X 10 4.

lp =current at zero field. 1=1160'K.

electrons are not emitted. The distribution curve
(PR—I, Fig. 6), obtained under much less satis-
factory vacuum conditions, showed even more
marked deviations from the theoretical curve.
It is now known that the early results apply to a
complex composite surface containing probably a
layer of oxygen underlying the layer of thorium.
The form of the potential barrier, shown PR—I,
Fig. 13 and proposed as an explanation of the
experimental results, seems to be reasonable if
one recognizes that the "hump" assumed is due
to the oxygen layer plus the thorium layer and
not due to a thorium layer alone, as was originally
thought. If the vacuum conditions are suffi-

ciently perfect, this "post activated state"" is

"A thoriated filament may be activated, after the
proper preliminary heat treatment, at a temperature of
about 1920'K, for example, and the emission will increase
as is illustrated in PR-I, Fig. 5. One may refer to the state
of coverage which gives the maximum emission for strong
fields as "f=1.0" as proposed by Brattain and Becker
(Phys. Rev. 43, 428 (1933)), or one may describe the
coverage as in this paper by a "Z"scale, defining Z = 1.0 as
that coverage giving the m.aximum emission at zero field.
The objection to the "f" scale is its dependence upon the
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Fig. 3 serves to illustrate the fact that the form
of the energy distribution is independent of the
state of activation. Eighty-five points taken at
nine different states of activation were used to
make up this composite curve. The three states
of activation of particular interest are Z=0.046,
Z=0.25 and Z= 1.3 when considered from the
standpoint of a patch theory. These points are
identified by circle, cross and triangle, re-
spectively. The extent to which these experi-
mental data deviate from the expected Fermi (or
Maxwellian) distribution is illustrated in Fig. 4,
in connection with the theory of reHection which
follows.

Theory of co11ection in a retarding field

FIG. 4. Computed energy distributions.

not produced, and the distribution curves are not
essentially different from those obtained for pure
tungsten.

surface field. With a field of about 6000 volts per cm we find
f= 1.5Z. If the activation is carried on at 1800oK or lower,
and the time required to produce the various states of acti-
vation noted, then Z is defined as Z =—t/t where t is the
time required to activate to the maximum zero-field emis-
sion. This assumes that the average rate of arrival of tho-
rium atoms on the surface is constant and that no evapora-
tion takes place. These "f"or "Z"scales must be recognized
as temporary. We need a "8" scale which measures the
true fraction of the surface covered. After having activated
to a coverage of Z = 1 or more, if the vacuum conditions
are not "perfect, " the emission may increase two- to six-
fold even though the filament is cold between test readings.
We have used the term "post-activation" to describe this
increase in emission. As post-activation progresses, one
observes that the emission passes through a maximum
after which the emission decreases indefinitely until it
practically disappears. A flash for less than a minute at
1850 not only removes the effect of post-activation, but
if it has progressed far enough to give the maximum
emission, practically the entire coating leaves the filament
and it must be reactivated before even "normal" emission
is obtained. The filament condition for most of the work
reported in PR-I corresponded to that state of the filament
for which the maximum emission occurred with post-
activation. In the tubes studied for the present investiga-
tion, the vacuur» conditions were so good that no detectable
post-activation took place in a month's time.

There are two possible mechanisms which
might produce reflection of electrons at an
emitting surface. There is the possibility that
reHection takes place due to the periodic struc-
ture of the metal lattice and the wave properties
of electrons. This problem has been treated by
Nord heim'4 and by Frank and Young" by
approximate methods neglecting any possible
effect of the crystal lattice with the result that a
reflection of about 6 percent is expected for low

energy electrons. As the energy of the emerging
electrons increases to a number of volts, this
reflection coefficient decreases very gradually.
(See Fig. 21.) The nature of the curve is such
that the effect could not be detected in the energy
distribution of the electrons and would only show

up as a five percent decrease in the total emission.
Such a small effect would be masked by other
things and therefore the theory could only be
tested by shooting a beam of very slow electrons
on the surface. Thus, the quantum theory as
applied in the approximate form to the problem of
reHection at the surface of a metal does not show
promise of explaining the observed fact that the
energy distribution has a shortage of low energy
electrons as was seen above.

A second possibility is that the surface
inhomogeneities such as work function differ-
ences between facets of a single crystal might
produce potential hills of such a nature that
reHection might be produced. It is a well-known

"L. Nordheim, Proc. Roy. Soc. A121, 626 (1928)."N. H. Frankand L.A. Young, Phys. Rev. 38, 80 (1931).
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experimental fact that the emission from a
composite surface such as thoriated tungsten, or
caesium covered tungsten, changes greatly with
the accelerating field if the surface is only partly
covered. Langmuir and Compton" proposed a
checkerboard patch theory to account for this
effect. Becker'~ has also applied this sort of
theory to emission in accelerating fields and has
pointed out that patches would cause a reflection
effect. The difficulty with this explanation of
reflection is that throughout the entire range of
activation from Z=O.Oi to Z=1.4, the energy
distributions are exactly alike indicating that
whatever causes the reHection, it is independent
of the state of activation of the surface.

Since it is not practical to work with anything
but a cylindrical or filament type of emitter for
accurate work, it is necessary to work out the
method by which observed data taken with
concentric cylinders can be correctly interpreted
in te'rms of a reflection coefficient depending on
the energy of the electron as it leaves the
filament. A very simple form of reHection
coefficient is the exponential type given by

2ie(p ) e
—)ee;2/2mee

where co is a constant and p, is the momentum in

the direction perpendicular to the surface in
excess of that required to carry the electron to
infinity when there is no external electrostatic
field in the space, i.e. , with "zero field. "Thus, as
the excess momentum approaches zero, the re-
Hection approaches unity, while for large values
of p the reflection goes to zero exponentially at
a rate which depends on co.

For an electron to arrive at a cylindrical
collector, it must leave the emitting filament
with enough radial and tangential momentum to
overcome the retarding potential. The energy and
momentum equations yield at once. the limiting
relationship

p 2+p '(1 —r2/R2) =22222V,

where p
'

and p„are the radial and tangen-
tial momentum components just outside the
filament, as defined more carefully above. Since
the collector radius R is generally much larger
than the filament radius r, Eq. (4) reduces
simply to p 2+p„2=2222eV. Using the Fermi-
Sommerfeld theory of metals we can write the
expression for the emission current received by a
cylindrical collector with a retarding potential V.

2E 'I/z=+~ By=co Pz=M

e
—(wee —w. )/2T j (1 e—)e /2mee)(p /m)e

—i)ee; +)e(e +)ee i/2m/erdp dp dp (5)
k3 P z=—co

where (W, —W~)/ iks the same as f/of Eq. (1). The limits of integration with respect to p, and p„
exclude the region inside of the semicircle p,'+p„'=2m&V but otherwise include the region of p,
from 0 to oo, and of p„ from —~ to + 0(). The integration of Eq. (5) gives

where
2 =2()() I G(S) F(S, k T/ar) I,—

2()() (42r/22e=k2/h2) T2e &~ ~f') /2r,

(6)

S—=2)(11,600/T), with 2) the retarding potential in volts.

S&

G(S)=(2/1/ )S'e +1—(2/1/ )f e *'de,
0

1 ((e)p'2 (SkT/tu) s

F(S, kT/(o) —= e
—s (1+kT/co) e~ dy+1 — e dx .

1+kT/(u E kT) 0

With the help of the Jahnke and Emde tables, F(S, kT/co) was computed for various values" of

(kT/a&) and selected values of S. Table I gives the results of this calculation in sufficient detail

"K.T. Compton and I. Langmuir, Rev. Mod. Phys. 2,
123 (1930)."J.A. Becker, Rev. Mod. Phys. 7', 95 (1935).

"For SAT/o»4 the form of Ii(S) given in Eq. (9) is not
as convenient as the following:
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TAor.z I. Values of Ii(S, kT/co) for vanous values of S and kT/cv (see Eq. (9)).

0.5

kT/co
0 1.0 3.91 '
0.06 0.943 3.51

.12 .893 3.18

.20 .833 2.81

.40 .714 2.09

.60 .625 1.62

.80 .556 1.29
1.0 .500 1.05
1.2 .455 0.872
1.4 .417 .739
1.6 .385
2.0 .337
3,0 .250
5.0 .167

26.1 '
23.1
20.5
17.7
12.6
9.12
7.23
5.13
5.00
4.00
3.37
2.61
1.54
0.879

11.2 2

9.5
8.14
6.75
4.39
2.69
2.25
1.73
1.41
1.19

0.718
.453

4.6 '
3.78
3.12
2.45
1.47
0.974
.70
.538
.401
.331

.143

18.6 '
14.3
11.7
8.85
5.00
3.21
2.29
1.62
1.28
1.06

7.38 '
5.62
4.35
3.20
1.75
1.00
0.66
.502
.450
.40

11.3 4

8.4
6.05
3.99
1.96
1.12
0.751
.578
.461
.386

10

17 5

11,8
7.9
5.00
2.33
1.25
0.873
.672
.552
.470

Note 1. The row for kT/co =0 is G{S) since the first term of Eq. (9) reduces to 2S»~e / Qx in the limit.
Note 2. The superscript at the top of each column indicates the power of ten by which the numbers in that column should be multiplied.

for interpolation curves to be plotted by the user
so that the theoretical curves for a limited range
of values of (kT/p/) may be produced readily.

It was the original intention at the time these
computations were made simply to "translate"
observed curves such as those shown in Figs. 2
and 3 into corresponding transmission or re-
Hection curves. For that reason, a method was
worked out to evaluate the three constants of the
following equation

g(p ) (] f)s—y /2m+ +fcs y /2m+2 —($0)

and thus make the empirical curve pass through
three points of the observed curve. Here ~~ and
~2 are constants and „f is a constant less than
unity. All three constants are to be selected best
to fit the data as an empirical equation. To do
this, one chooses the three values of S at which
the experimental and the empirical curves are to
intersect. The ones selected were S=O, 2 and 6.
Two curves were made by plotting F(0, k T/p/) as

e s

1+kT/co Qvr (k T/o))&
2 8&+1—— e~ dx

0& o
where a=—SkT/u and A —= (a/(a —1))&,

f(a)—=
I A/a —e ~I (A+0,312)/a+(A —1.25)

+(a/2)(A —1) J j.
A short table of values of 2f(a)/Qvr follows.

a 3 4 5 6 7
(2/Q~) f(a) 0.403 0.307 0.249 0.205 0.1735

a 8 9 10 12 14 16
(2/$2r) f(a) 0.1506 0.133 0.119 0.0986 0.0837 0.0728

a 18 20 21 24 27 30
(2/Qm. )f(a) 0.0645 0.0579 0.055 0.0481 0.0426 0.0382

the abscissa and F(2, kT/ )cpas the ordinate for
one, while F(0, kT/p/) and F(6, kT/cd) were used
for the abscissa and ordinate of the second. Since
F(S, kT/cp) measures the amount the calculated
curve falls below the Maxwellian curve G(S), the
experimental values of the deficiency may be
called Z(S) and plotted as points (E(0), Z(2))
and (Z(0), Z(6)) on the two graphs described
above. If a straight line can be found which
passes through the E points intersecting the I
curves so as to give common values of F(0, k /T c)pc

and F(0, kT/cpp) for the two curves, then two of
the constants, vis. , ~1 and co2, will have been
determined. If such common values do not exist,
then the empirical curve cannot be made to pass
through the three experimental points selected.
The third constant is given by the equation

F(0, k /Tgc)p—Zpf=
F(0, kT/p/, ) —F(0, kT/cdp)

When this method was applied to the ex-
perimental data shown in Fig. 3, the points
(E(0), E(2)) and (E(0), E(6)) fell exactly on
their respective lines at a common value of
F(0, kT/p/) thus giving kT/p/& kT/p/p and show——-

ing that the simple one constant expression of
Eq. (3) represents the experimental data with
accuracy. The solid line of Fig. 3 is the computed
curve using k/c=p45X 1 0' degree '. This value
of cu is 3.05)&10 "erg or 0.191 electron volt. The
three curves of Fig. 4 are computed for the
temperatures 813'K, 1160'K and 1852'K as
indicated.
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Fro. 5. Germer's data on electron energy distribution for
'1=1830'K. Curve computed with k/~ =4.5)&10 4 deg. '.
Circles, increasing retarding potentials; crosses, decreasing
potential.

All data observed at all states of activation and
all temperatures using the thoriated 61ament
were found to be accurately represented with
the single reflection constant of (k/s&) =4.5 X 10 '
deg. '. This same coef6cient also represented the
observed results for pure tungsten 6laments
almost as perfectly. This qualification is neces-
sary because the 6t was not quite perfect and it
remains to be determined with an improved
experimental tube whether or not there is a real
difference in- the reHection curve of pure tungsten
as compared with thoriated tungsten.

As was stated above, the mechanism for
producing this reHection is as yet undetermined,
but the fact that there is a reHection effect seems

to be established. The work previously quoted as
the best authority for the fact that electrons are
emitted with a Maxwellian distribution of
energies and that no reHection takes place is that
of Germer"

Fig. 5 is produced here to show that there is no
conHict between Germer's data and the reHection

hypothesis. Here Germer's experimental points
are shown and the curve drawn was computed,

"L. H. Geriner, Phys. Rev. 25, "195 (1925).

using (k/co) =4.5X10 '. The circles represent
the observations made with increasing retarding
potentials, while the crosses correspond to the
series taken with decreasing retarding potentials.

ReQection interpreted as excluded areas

According to the patch theory, which is
discussed below, we might interpret the reHection
in terms of a nonuniform transmission of
electrons as a function of the coordinates of the
surface. From the observed energy distribution
data above, it is possible to construct a picture
which shows essentially the fraction of the surface
which should be allotted to transmission and
reHection as a function of the energy. In Fig. 6
the cross-hatched part indicates a reHection,
while the remainder represents the transmission.
Thus, at any specified energy level e, a horizontal
line started at s =0 passes through shaded
territory for part of its length and nonshaded
territory for other parts of its length. If we
consider a segment of such a line of unit length,
the fraction of it found in the shaded part of
the 6gure measures the reHection. coefficient,
while the fraction in the nonshaded part measures
the transmission. The 6gure is made up by
repeating the line given by «, =2.3' log~a z'0/2s

where co=0.191 electron volt, the value shown

above to 6t the experimental data, and s, which

is directly proportional to the area of the
excluded region, takes on values between zero
and so/2. The distance between adjacent peaks
is taken as so in order to fit in with the patch
theory discussion below. For an energy of e, =0.2
electron volt, 35 percent of the surface area
would be assumed to be nonemitting, according
to this interpretation. The ob)ect ln presenting
this 6gure is to show the kind of selectivity which

FiG. 6. Pictorial representation of reAection and
transmission properties of a surface. ~ =—I' 'j2rn.
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a patch theory mould have to exhibit in order to
be consistent with the experimental data. Since
the analysis below indicates that patch theories
are not likely to give effects of this kind, it might
be worth while to investigate theoretically the
possibility that the surface layer of atoms is
responsible for the reHection effect in which case
so would be the interatomic distance.

zorre&: ted;br reg&eclion

8 = 6, '. l.Z b=DZ, , (dg

ad c2i Der v'6 d
A, =4i98 6 D2, '700

ZERo-FIELD RIcHARDsoN PLGTs

Since the entire energy distribution curve can
be 6tted so accurately by a computed curve,
there is no difficulty in establishing zero 6eld and
therefore the emission which would have been
observed in the absence of reHection is easily
computed. At zero field Eq. (6) reduces to

( 1 ) ( 1
oo ——ioo( 1—

1+kT/oi) 4 T /T+1)

where T is defined by T =—or/k and ioo is the
emission which would have been observed at zero
6eld with no reHection. Thus, after observing io,
we can compute ioo at once. The zero-field emis-
sion should be uninHuenced by surface excess
effect and also patch effects, since these will be
absorbed in the reHection coefficient if they have
any inHuenee on the zero-field emission. This
leaves only the temperature coefficient of the
work function as an undetermined factor, and
one may write

logio (i /oo'T) =logio 120 0 4343n— .

0.4343{b,/—T) (13).
We plot logio ( o/oo'T) as a function of (1/T) as in
Fig. 7.

The slope of the upper straight line gives the
work function at O'K as defined by Eq. (2) and
the intercept or the observed value of logioA
(according to the usual notation) allows us to
calculate A as

a =2.3{logio 120—logio ~). (14)

The lower straight line of Fig. 7 represents the
observed emission at zero 6eld i0. Both curves
have been plotted to show that in either case the
Richardson line is straight within the experi-.
mental error. The largest error is in the tempera-

FIG. 'E. Zero-field Richardson plots for a thoriated fila-
ment Z =0.67. Upper line includes correction for reRection,

ture scale and can be reduced only by making an
accurate scale for the particular filament being
used.

The reHection effeet not only alters the
value of A, but also the value of b. By plotting
logio (T„/T+1) ' against 1/T for a particular
range of observation, we may 6nd the approxi-
mate correction to the A and the b brought about
by the reHection. Richardson plots were made
like Fig. 7 for Z=0.67, 1.0 and 1.3, but it was
found impractical to attempt it for values of Z
less than 0.67 on account of the changes which
took place in the surface with the time. The
existence of the effect is illustrated by the curves
shown in Figs. 8 and 9. The heavy line of Fig. 8
shows a Schottky plot for Z approximately 0.1
and a temperature of 1160'K after ten hours
heating at 1160'K.After heating the 61ament for
three minutes at 1435'K, the emission at 100
volts was observed to have dropped to less than
half its original value after which it returned to
"normal" in about three hours time at 1160'K.
The light line of Fig. 8 shows the shape of the
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FIG. 9. Increase of current with patch formation.
Frc. 8. Schottky curves for a thoriated filament. T= 1160.

curve two minutes after the high temperature
treatment. Any form of patch theory suggests at
once that the steady state at 1160'K corresponds
to a more patchy state than that at 1435'K
which we chose to call a "dispersed" state. With
the patch state we have regions of relatively low
work function which give a high emission with
the help of a strong 6eld, but at the same time
the average dipo1e moment per unit area of the
whole 6lament is actually less in the patch state
than it is in the dispersed state. This is to be
expected from Langmuir's" deductions that there
is a depolarizing effect of the thorium atoms on
each other. The emission at zero field is a direct
measure of the average dipole moment per unit
area and this has been found experimentally to
follow the expected course, i.e. , as the patch is
formed the zero-6eld emission decreases, while the
strong 6eld emission increases as shown above.
Fig. 9 shows the change in current with the time
for the two states of activation Z =0.1 and
Z =0.21.

After having produced the dispersed state at
some relatively high temperature, it may be
maintained for fairly long periods of time if the
temperature is not raised above 925'K.

Richardson constants were computed from two
observations for the values of Z less than 0.67.
The 61ament surface was conditioned by main-
taining it some hours at the highest temperature
at which zero-field emission was not limited by
space charge for the higher states of activation*

~' I. Langmuir, J. Am. Chem. Soc. 54, 2798 (1932).
* For low states of activation, 1393'K was selected as

the maximum temperature. At temperatures much higher

and then the temperature was dropped to that
for which the zero-field emission was about
5)&10 "amp. At these two temperatures energy
distribution and Schottky plot data were taken,
so that the emission at zero field could be de-
termined accurately. After making the reHection
correction, Richardson's A and b were computed.
The results are summarized by Figs. 10, 11
and 12.

There are three important points to notice in
Fig. 10. First, the'observed points fall on a
smooth curve which is not a straight line,
showing that the temperature coefficient is not
directly proportional to the average dipole mo-
ment (or the work function change) as has often
been thought to be true from strong 6eld
measurements. Secondly, the point observed on a
pure tungsten filament falls very naturally on the
line as indicated by the double circle. This must
be taken as provisional, however, because of the
tube limitations described above. Thirdly, we see
that the A thus observed is greater than 120,
which suggests that the temperature coefficient
of the zero-field work function for pure tungsten
is negative, " contrary to Becker's" assumptions
based on strong 6eld data.

than this, measurable activation took place during the
time of measurement."P. W. Bridgman in his Thermodynamics of Electrical
Phenomena in Metals (Macmillan, New York, 1934), p.
100, shows that if the entropy of the surface charge at O'K
is not zero, the effect on the emission would be indistinguish-
able from a negative temperature coefficient of the work
function. According to the Fermi-Sommerfeld model for a
metal, the pressure of an electron gas in equilibrium with a
metal of work function b=—(H/; —8';)/k should be

P = (4~mqk2/h3) (k/2~m)&J2 T5~2 exp ( —b/T).
The latent heat per electron q as given by the Clapeyron
equation is related to b as follows:
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Fig. 11 shows the relation between log~0 A and
Z by the solid line while the dashed line relates

q =k T'8(ln p)/BT = (5/2)k T+kb —kT(Bb/BT).

AVe recognize (5/2)k as the atomic heat of an ideal gas at
constant pressure and can therefore write for the slope of
the richardson line,

g —(5/2)k T=gp —P(T) =kb —k T(8b/8T)

where qp is the latent heat at O'K and @(T) is determined
by the heat absorbed in the metal due to the specific heat
of the electrons and of the surface charge. The slope of a
Richardson line such as that of Fig. 7 is constant within
the experimental error. Therefore p(T) is experimentally
negligible compared to qp, within these limitations,
(gb/BT) must be a constant independent of the temperature
and it follows that kbp =gp. The temperature coefficient of
the work function b may be positive or negative without
conflicting with thermodynamic relationships."J.A. Becker and W. H. Brattain, Phys. Rev. 45, 694
(1934). It should be emphasized that temperature coeS-
cients cannot properly be calculated from strong field data
without detailed knowledge of the surface structure.
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Fro. 12. Temperature coefficient of the work function as
computed from log A.

b to Z. The surprise brought out by this curve is
that both log A and b pass through a minimum

at Z = 1. It was to be expected that b should pass
through a minimum for about this coverage, but
not so for log A.

These data translated in terms of the tempera-
ture coefficient of the work function by Eq. (14)
are illustrated by Fig. 12.

Here we see that the temperature coeAicient
for pure tungsten seems to be —4.3/10 ' volt
per degree. The work function thus decreases as
the temperature increases. D. B. Langmuir has
investigated this point by a direct experiment
using an improved Langmuir-Kingdon" method
over the range of temperature 350'K to 1050'K
and obtains results which agree in sign and order
of magnitude with this value. The method in-

volved the measurement of the contact potential
of the tungsten filament used as a collector and
not as an emitter. This result is so important if
true that we are not satisfied with the present
experiments and expect to redetermine these
constants with improved apparatus.

"I.Langniuir and K. H. Kingdo'n, Phys. Rev. 34, 129
(1929).
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ELECTRON EMISSION IN AN ACCELERATING FIELD

Test of Schottky theory with pure tungsten and.
fully activated. thoriated tungsten

The Schottky mirror image theory" predicts
that the electron current from a hot filament
should increase according to the equation

logqoi@ =logqg i +o1.905(fU)'/T, (15)

/974

..N l848 l

~/2/8'

/ N', &
-/s

expected vroln theory
of svrfqre excess

(//

~

i'= &b5e~ver( cirrrent

Ls= Curierit. excecti. d
fron~ Sci~ot't ku plot

//, 0

@/0.9

Oe /oy

/0. 7

/0. 6
40 QO /20 /60 200 240 2&

yk /tabooj
Fio. 13. Schottky plot for pure tungsten. 7=1434'K.

24Schottky, Physik. Zeits. 15, 8'l2 (1914). See K. T.
Compton and I. Langmuir, Rev. Mod. Phys. 2, 123 (1930)
for short discussion.

*The applied voltage must be corrected by the contact
potential to obtain U,

where for cylinders f= (r ln 8/r) ' with r and R
the filament and collector radii, respectively. If
the filament were perfectly smooth and the image
force the only one acting on the electron at
distances large compared with interatomic dis-
tances, then Eq. (15) should be accurate from
voltages less than 2 X 10 ' volt to many thousand
volts for ordinary sized filaments. The fact that
the image law applies strictly for an infinite
plane becomes a limitation only for voltages
between zero and one millivolt. Experiment
however shows that the current rises as predicted
by the Schottky theory only for fields higher than
500 volts per cm.

According to Eq. (15), if we plot log~oir (iy
= observed current with the accelerating voltage
U)* as a function of 11,600Ui/T the slope of the
theoretical line should be 1.64)&10 'f&. We see
from Fig. 13 that this is true for the higher
voltages since the straight line drawn with this

.35 '

4 & 6 V g. g /0
Vol ts

Fie. 14. Departure from Schottky line as a function of
accelerating potential.

slope fits the experimental points accurately. As
the field is lowered the departure from the
Schottky theory becomes more and more marked.
That this is not an effect due to space charge is
proven by Fig. 14, in which the departure from
theory, plotted as a function of the voltage, is
seen to be greeter the lover the temperature.

Observations taken at 1973'K do. show the
effect of space charge and even those at 1848'K
are very slightly influenced near zero field. We
also see that the lower the temperature the
higher the applied field must be before the
Schottky line is followed.

A comparison between Schottky curves ob-
tained with pure tungsten and those observed
with thoriated tungsten activated to Z=1.3
showed them to be very similar at 1218'K
although the current received by the collector
was over two million times greater for the
thoriated filament. The three curves shown by
Fig. 15 may therefore be considered as part of the
tungsten family, thus showing quantitatively the
extent to which observed Schottky curves
actually deviate from the theoretical line as the
temperature is lowered.

In seeking an explanation for these experi-
mental observations, it seems obvious that there .

are only two possibilities. The first is that the
transmission properties of a surface considered
from a wave-mechanical point of view are very
strongly inHuenced by a change in the form of the
potential barrier at the surface. This suggestion
seems so far fetched that it can perhaps be
eliminated without further consideration. Grant-
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FIG. 15. Schottky plots for thoriated tungsten. Z= 1.3.

ing this, we are forced to the conclusion that
there must be some electrical forces acting on the
electrons at distances of the order of 10 ' to 10 4

cm which are larger than the mirror image forces.
If the work function of the surface is not uniform
but varies perhaps periodically from one crystal
facet to another, then the contact potential 6elds
might give rise to the electric fields which would
account for the observed effect. Let us call this
the "patch effect."

Two other complicating factors of the problem
are the effect of 6eld concentration at sharp
points and the geometrical effect of surface
excess."The 6rst of these would be temperature
dependent in the direction observed but the fact
that all experimental curves either 6t the
theoretical curve accurately for high 6elds or else
approach it asymptotically is an indication that
held concentration is of secondary importance in
this problem. The "surface excess" effect would
not be temperature dependent and therefore
although this might account for a ten to thirty
percent increase in current as the field is in-

creased, it is not as important as the "patch
effect" as a possible explanation of the experi-
mental observations.

"L.Tonks, Phys, Rev. 38, 1030 (1931).*Some of the ideas presented here were worked out in
collaboration with Dr. Irving Langmuir, to whom the
author is greatly indebted. Part of the terminology there-
fore follows that of Mott-Smith and Langmuir, Phys. Rev.
28, 727 (1926) and Langmuir and Cornpton, Rev. Mod.
Phys. 3, 191 (1931).

The sky-line and the patch theory*

No patch theory so far proposed can be applied
to the problem of emission as a function of the

electric field except in an approximate form as
was done by Becker" and will also be done below
in connection with the "strip theory. "In order to
demonstrate this, let us consider the problem in
terms of the statistics of a perfect gas. Ke
imagine an in6nite conductor essentially in a
plane and take the F and Z axes of a coordinate
system in this plane with the X axis extending
into space. Designate this plane as the A plane.
Ke assume that the work function for electrons
is independent of y but varies periodically with s.
Consider also a second conducting plane, known
as the 8 plane, parallel to the first at a distance D
which is very large compared with the funda-
mental wave-length of work function differences
in the s direction or the distance between similar
regions in the 6rst plane. Ke have "zero 6eld" in
the space between these planes when no lines of
electric force extend from A to B.There will then
be no net surface charge on either plane.

Consider the boundaries to be at the tempera-
ture T and of such work functions that there is no
net Row of electricity from A to 8 or 8 to A.
The time average of the relative electron densities
at all points in this space will be governed by the
Boltzmann equation and furthermore over any
small region where the change in motive* is
small, the time average of the energy or the
velocity distribution will be governed strictly by
Maxwell's distribution function characterized by
the temperature T. The motive must be used in
the Boltzmann equation because differences in
motive measure the work per unit charge
required to move an electron from place to place.
In the absence of an electric 6eld between A and
8, the motive wiil be constant everywhere except
in the neighborhood of A where it will be the sum
of the electrostatic potential due to the nonhomo-
geneous surface and the mirror image potential
which, of course, does not satisfy Laplace's
equation. If the temperature is low, the electrons

2' J. A. Becker, Rev. Mod. Phys. '7, 95 (1935).*The term "motive" has been defined by Langmuir as". . . a scalar quantity whose gradient, in any direction
at any point, represents the force-component per unit
charge which acts on an electron or ion." I. Langmuir and
K. H. Kingdon, Proc. Roy. Soc. A10'7, 61 (1925), see p. 68.
For an earlier discussion, see I.Langmuir, Trans. Am. Elec.
Chem. Soc. 29, 125, 157 (1916).P. W. Bridgman, reference
21, p. 37, uses the term "electric potential" in contrast to
"electrostatic potential" where the former is the equiva-
lent of the "motive" while the latter is a potential which
satisfies Poisson's equation.
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will be so far apart that one may neglect any
interaction between electrons, i.e. , we may
disregard space-charge effects. We may imagine
the phase space as the six-dimensional p space of
an ideal gas and focus our attention on a small
region extending over the coordinates dxdyds' at
(x, y, s) while the extention in momenta may be
taken as p„p„, p, from —~ to + ~. Since it is
assumed that the motive is essentially constant
throughout the volume dxdyds, we may picture
the momentum space. alone, remembering that
the divisions in this space discussed below are
determined by the space coordinates x, y, s.

Let us classify the electrons, whose repre-
sentative points are seen in the momentum
space, as AA electrons, AB electrons, BA
electrons, or BB electrons, according to their
trajectories. In the absence of space-charge
effects there can. be no periodic orbits which do
not intersect planes A or B. It is evident that
for every AB electron there is a corresponding
BA electron such that their representative points,
in the momentum space, lie diametrically oppo-
site each other. That is, the line joining them will

always be bisected by the origin. Thus, within the
conhnes of a certain extended region in the
momentum space, we will hand all of the AB
electrons and an exactly similar region will

contain all of the BA electrons with the bounding
surface "rejected" in the origin. All of the
remaining momentum space will contain the AA
and the BB electrons.

The problem of computing the current which
would fiow from electrode A to B could be solved
if we could find some closed surface in the
coordinate space between electrodes A and B
over which we could correctly bound the above
regions in momentum space and thus compute
the Aux of AB electrons crossing this coordinate
surface.

Kith the system of strips described above, we
can easily visualize a hill and valley system. The
motive will be a point function depending only
on the x and s coordinates. Since we have
postulated the work function to be a periodic
function of s, we know that we can represent the
"surface potential" by a series

CX3 27l 8 co 27l 3
V(0, s) = P a cos n +P'b„sin n .—(16)

n=O
0 So

since this is a solution to Laplace's equation and
6ts the boundary conditions. With zero impressed
held, the motive will then be

pjp(x, s) =ae p '~*p cos (2prs/ep) —p/4x. (18)

Eq. (18) is, of course, not correct for x(10 ' cm
on account of the failure of the image laws, but it
will serve to bring out certain points to follow.
Let us now visualize 3Ep(x, s) as a system of hills
constructed on the x, s plane with the altitude
at any point (x, s) equal to Mp(x, s).

The form of this surface as seen by an analysis
of Eq. (18) has interesting and rather unexpected
properties. Differentiating with respect to x and
setting the result equal to zero, we have

BiVIp(x, s) 2pra
=0= — cos

27rs
e—pzz/zp+ (l 9)

4x'So

By substituting u=2prx/sp and rearranging, we
find

I (2spa/prp) cos (27rs/sp)}e "=1/u'=Ae ", (20)

where A is de6ned by this equation. If we

express A in terms of u and set dA/du=0 we see
that for I=2, A passes through a minimum value
of e'/4= 1.84'/. This means that if A is less than
e'/4, Eq. (20) can be satis6ed only for u= pp

while if A is greater than e'/4 a pnaxirnum occurs
in the motive as we follow a line of constant s at
some value of x(sp/pr and a npininpum comes at
sp/zr(x( pp.

Thus we see that with zero Geld all electrons at
distances greater than that to the minimum of
the motive are accelerated toward the surface A

for any 6nite value of a or s'o. .This analysis brings
out the fact that even though the "patch" fields

may greatly exceed the image held at inter-
mediate distances, the image 6eld Anally outlasts
the patch field because the latter falls off

exponentially with the distance.

For the purpose of this discussion, let us take only
the second term of the first sum, namely,
a cos 2prs/sp as the "surface potential. " At x))sp
the electrostatic potential must be constant and
may be taken as zero. The potential at any point
(x, s) must then be

V(x, s) =ue ' '*' cos (2prs/sp).
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If we could solve Eq. (19) for x, we would have
an expression by which we could calculate the
distance from the plane to the maximum in the
motive as a function of s for any given values of a
and sp. These values of x and z could then be
substituted into Eq. (18) and the motive along
the line of maximum motive could be computed.
Since the motive is a function of x and s and is
independent of y we see that by the elimination
of x between Eqs. (18) and (19) we would have
Mp as a function of s. Let us visualize this as the
"sky-line" of the system of "hills" as viewed
from a great distance. This "sky-line" intersects
the 3IIo ——0 contour at x = so/2~ and therefore it is
seen to shift to x= ~ and remain constant at
3'=0 for a distance in s approximately equal to
sp/2 after which the "slry-line" again returns to
x = sp/2or. Other contours are intersected at

x = sp/m (1+(8Mpso/por +1)l) .

Although all of this discussion has been for the
case of zero field, it is possible to determine the
motive along the, "sky-line" for either accelerating
or retarding fields and it is from these values of
motive that the emission current is computed
using the "sky-line" approximation. According
to this approximation, we assume that those
electrons escape which leave the surf ace at a
particular value of s with energy p, '/2np greater
than the sky-line motive at that value of s and
that electrons with energy less than this do not
escape. The approximation made by Becker" in
his computation is in reality the same as this one.

The form of the sky-1 ine is shown graphically
in Fig. 2 1 for Z =0.25 and Z = 1.3.The ordinate is
determined by s and the abscissa is equal to Mp.
Some of the electrons included in the current,
calculated by this method are most certainly AA
and not A 8 electrons. Other electrons with
energy enough to escape, given the proper s
component of momentum, will be excluded, while
in reality they are A B electrons. Thus, it is not
possible to state either the amount or the direc-
tion of one's error when the sky-line approxima-
tion ls used .

There must be a line somewhere over the
M'o(x, s) surface at which marbles allowed to roll
freely from rest go indeterminately either to A
or to B. Defining this as the "marble-shed" line,

it will probably be true that practically all
electrons crossing this line are AB or BA
electrons. If so, it would be a better approxima-
tion to compute the Aux of electrons across a
surface so defined but since it would generally be
too diAicul t a problem to find the marble-shed
line, this suggestion serves little purpose. This
discussion, it is hoped, brings out the diAiculties
in the way of a proper solution to the problem,
and perhaps shows that we cannot expect to get
one in the near future.

THE STRIP THEORV WITH ACCELERATING

FIELDS

If Becker's" "checker-board" patch theory is
correct in principle, then a certain amount of
refiection, of slow electrons should be expected, as
was shown to be experimentally true. It was
therefore thought desirable to investigate the
properties of his equations in the retarding
potential region. A partial examination showed
that the labor involved would be so great that it
would be just as easy to work out the simpler
"strip theory" and then examine its predictions
instead of those of the checkerboard patch
theory. It is the purpose of this part to work out
this theory and make application for both
accelerating and retarding potentials.

In the presence of an accelerating field of
electric intensity B the motive is given by

M= 0 cos (2prs/sp)e ' '*'—p/4x —Ex. (22)

Using 1 and 2 as above and differentiating with
respect to N we see that

BM/Bu = ( /o2rpp) (sAe ~+—1/u—' Es '/por') (23)—

If we set BM/Bu =0, we have an equa. tion
relating m and F along the sky-line. In principle,
we must solve this equation for 1 and substitute
it into Eq. (22) and thus obtain Ms as a. function
of B and s along the sky-line. Since this is
mathematically impractical we can use the
following equations and method to obtain the
desired result.

Me =0 cos (2ms/sp) (1+u)e- —7rp/so 1/u, (24)

Z = pw' /sp u —(2orG/sp) cos (27I's/so)e ~ (25)
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To use these equations, one chooses values of I
for which E has positive values of a magnitude in
the range of interest. Using these same values of I
we can coIIlpute the col Iespondlng VRIues Gf 3/Ig.

In order to compute the current as a function of
E or Z&, as is done here, we choose an arbitrary
value of so and an arbitrary set of values of
a cos 2s.s/s, . For example, we have taken s~ ——5

&10 4 cm, @=0.5 volt, and values of s which
give cos 2s s/so the values 1, 0.8, 0.6, 0.4, 0.2, and
0 and also the negatives of these values. For each
selection of 8 R cuI've wRS plotted glvlng 3f@Rs a
function of E'* as computed from Eqs. (24) and
(25). This step was necessary since it was easier
to choose arbitrary values of e and 6nd the
corresponding values of Mg and 8 than it was
to take dehnite values of E and then compute the
value of JIf@. From the curves, however, the
desired Mg values for specific values of E' were
selected. The sky-line curves were then given by
plotting 3IE~ as R function of s f'or chosen E&

values. The current was computed by graphically
eValuatlng

Ipl—l00

e—3f@11,600/Tdg (26)

This method of computation is certainly more
accurate than Becker's method of sub-squares,
although in principle they are much alike. The
constant Io is of no particular importance since
it ls the change in logM I~ with E& which is of
interest. Ke therefore take Io as unity.

We notice that Eq. (26) shows that the
theoretical curves approach the slope of the
mirror image curve for very high 6elds since in

this case N=e4/st& and Eq. (26) may be
approximated by

(300)4&Z& 11,600

exp I
—(11,600 a/2 ) cos (2ss/so) }ds (2'I)

for high values of E. In Eq. (2"l) Z is expressed in

volts per cm.
The anal check between theory and experi-

ment was made easy by the use of the curves of
Fig 16 Here (logM Is —logqo Is) is plotted as a

FIG. 16. Chart for computing Schottky curves for T'=
1160 K, using s0 ——5 &10 'cm. Dotted line, observed results
for Z=0.25. Bashed line, observed results for Z=1.3.

function Gf 8 as computed with various values Gf

8& for the temperature 1160'K. The constant I8
is de6ned by the following equation:

I8=Io exp —11,600 6 T cos 2T'8 80 82'~

(28)

Table II gives logMIB for enough values of
11,600 a/T so that an interpolation curve may be
constructed for Io= unity.

In order to 6nd an appropriate value of u to 6t
a given experimental curve, we determine the

Tsar.E II. Vakles of log M I8for @armis vglges of 12,600 u/T'
(see Eq. (28)).

11,600 ejT 0.5 1.0 1.5 2.0 2.5 3.0 3.5
log10 I8 .027 .102 .214 .365 .520 .691 .865

11,600 e/T 4.0 4.5 5.0 5.5 6.0 6.5 '7.0
log10I8 1.045 1.232 1.426 1.624 1.825 2.025 2.240
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FIG. 21. Surface transmission as function of energy.
Solid line for exponential accurately representing observed
data. Dotted and dashed lines demanded by strip theory
for Z=0.25 and Z=1,3. Dot-dash for Frank and Young
quantum theory.

FIG. 19. Dependence of u on the state of activation
Z compared with Becker's values of p shown by solid
and dashed lines respectively.

P Zo 40 60 bp 100 IZ0 l40 I 60 180 Z00

FIG. 20. Computed and observed Schottky plots for
Z= 1.3. so= 5 g 10 cm and a=0.17 volt.

plotted a as a function of Z in Fig. 19. Here also
are plotted Becker's" values of p which is the
corresponding quantity in his patch theory. It is
interesting to note the rather close similarity of
the two curves.

As was pointed out above, Schottky curves
obtained with Z=1.3 are very similar to those
obtained with pure tungsten. It is therefore
thought desirable to show graphically the com-
parison between observation and theory for this
case. Fig. 20 presents the data for the tempera-
ture 1160'K and 813'K.

Again the 1160'K data were used to determine
the value of a which was also used to represent
the 813'K observations. The agreement as re-
gards the temperature effect is thus seen to be
less satisfactory for Z = 1.3 than for Z= 0.25. It is

even more evident in this case that the computed
curve approaches the Schottky line too rapidly
for the high fields. This difficulty could be
partially removed by choosing a smaller value of
s'p but then the rise for low fields would be entirely
too slow.

It is easy to see from these curves that an
improved theory would introduce narrow regions
of low work function surface separated by wide

regions of higher work function surface. This
could no doubt be worked out by using more
terms of Eq. (16), but since a new adjustable con-
stant would come with each term and since there
is no way yet available to evaluate these inde-

pendently, it would not be of much value to show

that the experimental' curves could be repre-
sented very accurately by using a strip or patch
theory with many terms.

In6uence of strips on retarding potential curves

From the sky-lines computed, with @=0.46,
s'p=5)(, 10 and a=0.17, sp=5)& 10 4, the effect
on the energy distributions to be expected by
using retarding potentials was determined. These
results are best illustrated by curves showing the
"transmission coe%cient" of the surface as a
function of the energy and comparing it with that
obtained directly from experiments using re-

tarding potentials.
The solid curve of Fig. 21 accurately re-

presents the observed data for all states of
activation of the thoriated filament and very

nearly represents the results for pure tungsten.
In the case of tungsten, the slight deviations may
have been due to experimental error as pointed



out above. The two curves which result from this
strip theoly are thus scen to be ln dc6nlte dls-
agreeIIlcnt with expc11IQcnt. Again lt ls not
dificult to see that with the narrow regions
(order of 10 ' cm) of low work function sur-
face separated by wide regions (order of
SX10 4 cm) of high work function area, the
effect of the strips on the retarding potential
side wouM be greatly reduced and at the same
time they would serve to give the large deviations
from the Schottky theory which have been
known to exist, cspcelally with. composite sul-
faces. If it is reasonable to suppose that such a

theory of strips or patches might give a satis-factoryy

explanation for the poor saturation effects
for accelerating 6elds without appreciably inHu-

encing the currents predicted as a function of
retarding potentials, then we must abandon hope
of explaining the observed reAection effects by
patches and must look to some atoIIllc expla-
nation" for the excluded areas or the variable
transmission coef6cient.

I wish to acknowledge my indebtedness to
Mr. N. B.Reynolds and Mr. J. E. Ryan for their
careful technical assistance and to my students
for many helpful discussions.
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Negative atomic hydrogen ions have been directly observed to exist at the heads of stri-
ations in discharges in water vapor. The ions appear to form surprisingly readily in these
regions of high density of slow electrons, but they are lost very easily by collision,

"'EGATIVE ions are supposed to exist in
discharges through gases, as necessary for

the explanation of the existence of striations' as
well as for other reasons. They have not been
observed there directly, but have been detected
and studied in the past at extremely low currents
differing greatly from those of the usual kinds of
discharge through gases.

In work begun recently at this laboratory,
negative atomic hydrogen ions have been ob-
served directly at relatively high densities in the
heads of striations in discharges through water
vapor, and some information about their prop-
erties and behavior in a discharge obtained. The
results establish that the ions exist at the heads
of striations at high enough densities to play the
role assigned them.

Mm'Boo oF OBSERvxnoN

Various forms of discharge in water vapor
were used as sources. In order to analyze the

'See Thomson, Conduction of Electricity Through Gases
(1933},&vol. 2, pp. 387ff.

beams obtained through an aperture in the anode
of the discharge, an electric lens system was
used, shown in Fig. 1. The products from the
source came through a sharp-edged aperture in
A, 1 mm in diameter, and were accelerated by
about l 200 volts into B. Approaching C, which
had an accelerating potential of about 16,000
volts, the particles were focused, and going from
C into D they were defocused less, thus producing
a real image of the source aperture on the
willemite-covered copper screen, F. The spot
was observed through a screened narrow slot,
E, and focused by adjustment of the middle
electrode on the xylene-alcohol 10-megohm po-
tential divider. A magnetic 6eld from the
Helmholtz coils HII dcHected the particles
through a hole in the screen on a collecting
electrode, 6, for measurement. The hole in F
should be out from the plane of the 6gurc when
the coils II& are oriented as shown.

A great advantage of the electric lens system
used was that when the potential divider was
set for focus of the slowest electrons emerging


