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ABSTRACT

Pulling klectrons out of Cold Metals by Intense

Electrical Fields. Two types of electrodes, placed in a

vecuum better than 106 mm Hg., were usedj viz., points

and plane with electrode distances from 005 cm to .03 em,
and a fine tungsten wire of ,00125 cm diameter and a copper
cylinder of 1,625 cm diameter, Making measurements on a
micro-photograph of a point--sharp tungsten, dull tungsten,
sharp platinum, or dull nickel--and determining the distance
between point and plane, the relation betwsen the potential
gradient at the end of the point and the potential applied was
determined; this relation for the wire surface was determined
from the diameters of the wire and cylinder. The maximum
available d. ¢. potential was 12,000 volts which produced

a gradient of several million volts per centimeter at the
metal surfaces under investigation., The results of the
experiments show that electrons are pulled from metals by
intense electrical fields, the "field-current" thus vroduced
depending upon the gradient at the surface and not upon the
difference of potential between the electrodes., The "field-
current" sets in at a "critical" gradient and increases in
some cases (untreated tungsten wire and cylinder) over ten

millionfold with only a threefold increase in gradient. The
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metal points give different “critical™ gradients, but these
gradients are not thought to be characteristic of the

metals but of the surfaces, It is found that the gradient
needed to pull electrons out of a metal is controlled by the
surface irregularitius and especially by surface impurities,
The metal surface may be conditioned by heat treatment and

by draﬁiﬁg large currents from the surface, The "critical”
potential gradient may be ineresased fourfold by heat treatment,
and twofold by the "field-current" conditioning process. The
rate of increaée of the "field-current" with potential gradient
is large when the "critical" gradient is small and vice versa,
and large currents drawn from surfaces which have been sub-
jected to intense heat treatment show a fatiguing effect which
recovers with time, The "field-curremt" in general has its
origin in a few minute surface spots which presumably locate
surface impuritics, or surface protrusions, or both. This
current is completely independent of temperature between 300°K
and 1000° X, but it is slightly greeter at 1100° K than at room
temperaturs., The aésumption that the "field-curremt" is made
up of conduction electrons, which come out of the surface by
virtue of their kinetic energy when the external field has
partly annuled the surface atiraction, is not tenable in

light of the results of this investigation., A new postulate
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is proposed, viz., that the loosely-bound electrons of the
outermost atoms--atoms of impurity of lower electron affinity,
or atoms on the tips of protrusions--sre pulled away from their
atoms by fhe strong field and then replaced by new electrons,
presumably conduction electrons from the interior of the metal.
Becausé of the control which surface conditions have upon
"critical™ gradients it seems unlikely thatvany of the results
so far given by investigators can be taken as the true charac-
teristic "critical" gradients of the metals, if perchance such
characteristic gradients exist. All experimenters obitain
graedients of the order of million volts per centimeter; this
investigation agrees with othe;s in this particular, A correct
surface conditioning technique must be found and agreed upon,
then concordant results, which agree not only in order of
magnitude‘but in exact value, may be expected. It is felt that
this investigation has added something toward this accomplish-

ment .,



PULLING ELECTRONS OUT OF METALS

BY INTENSE ELECTRICAL FIELDS



INTRODUCTION.

Among the first experiments to indicate that electrons
may be pulled out of metals by intense electrical fields, were
those of Ea_rhar'cl, Kinsley,, and Hobbsz in which a study was
made of the potential required to produce in air sparks of a
length comparable with the wave length of sodium lignht. Their
data show that the character of the discharge changes when the
electrodes are brought within a certain distance of each other,
or, what is equally consistent with the data, when the electric
intensity between the plateé reaches a certain value=--about a
million volts per centimeter. Within this region, a plot of the
potentials applied and the distances between the electrodes
gives a straight line, the slope depending on the kind of metal
used. Thus the work of Earhart in 1901 and thét of Kinsley and
Hobbs in 1905 give evidence that for»this type of spark, the
carriers are dragged by the electric field out of the metal and
not out of the gas.

l. Barhart, Phil. lag. Vol. 1, p. 147, 1901.

2. Kinsley, Fhil. lag. Vol. 9, p. 692, 1905.
3. Hobbs, Phil. liag. Vol. 10, p. 617, 1905.
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Kinsley worked with exceedingly short sparks, of the
order of 3xld'7 cem in some cases and a corresponding sparking
potential of only one volt. Thus a potential gradient of 3.3
million volts per centimeter pulled enough electrons from the
metal to produce a spark. He found a linear relation between
the spark length and the voltage applied, but the slope of the
line representing this relation varied with the treatment of
the surface, that is, with the manner in which the surface had
been polished and cleaned.

Hobbs, working under the direction of Professor
Millikan, used sparking distances of greater length than those
used by Kinsley, took extra precautions in cleaning and polish-
ing the surfaces, and allowed a spark to pass but once in the
same region of the metal. He found that for distances suffi-
ciently short, so that a linear relation existed between the
sparking potential and the distance, the phenomenon was indew-
pendent of the pressure and nature of the gas, but dependent
on the kxind of metal used for electrodés. The slopes of the
lines--the potential gradients necessary to pull out electrons
in sufficient numbers to produce a spark--varied with the
metal used, being greatest for Platinum (2 million volts per.
centimeter) and least for aluminum (1 million volts per

centimeter).



In later work Earhart; came to the conclusion that
the electrode having the lower gradient (that is, requiring the
lower gradient to pull out the electrons) controls the dis-
charge irrespective of polarity, and that the carriers of a
discharge produced by potential differences less than the
least ionié.ing potential (distance between point and plane
five wave-lengths of sodium light and less) are not always
negativé corpuscles.

Al!rwz gives data which he interprets as being evi-
dence that, so long as the size of the electrode is comparable
in size to the length of spark gap, there is a 'minimum potential!’
below which, no matter what the spark gap, a true spark-discharge
does not take place. He concludes that it is not vholly improbable
that the strain, which he claims to have eliminated by the use of
very small electrodes, may have been sufficient to bring the elec-
trodes used by Eafhart and Hobbs into contact when using potentials
less than the 'minimum potential'. It seems difficult, howsver,
to see how this explanation can hold in view of the fact that
Hobbs found the sparking potential to be a function of the metal .
used, a phenomenon one would not expect to be explained by assum-

ing that the electrostatic strain is a property of the metal.

1. Earh;art, Phil. Iﬂago Vole. 16, P 147, 1908,
2. Almy, Phil. Mag. Vol. 16, p. 456, 1908.



G. Hoffmanl, using the interferometer method for
measuring very short spark-gaps, the method followed by the

' previous investigators, and working in air and in vacuum with
points and planes at distances of a few wave-~lengths of light,
found that the sparking potential was proportional to the
length of gap and a function of the metal used. This is in
agreement with the work of Rarhart, Xinsley, and Hobbs, but
not in égreement with the work of Almy. Hoffman found that
the potential gradient necessary to pull electrons from the
metal (produce a spark) was four million volts per centimeter
for platinum and ten million volts per centimeter for steel.
In a later and a more carsful and painstaking investigation,
he, used a very sensitive electrometer5 with which he mea=-
sured currents of the order of 10"17 amperes., The electrodes
were highly polished and very carefully cleaned. They were
not allowed to touch, the length of the spark-gap being
determined by used of interference fringes and an electrical
scheme in which the sensitive electrometer played an important
part. By spscial precautions a spark was never allowed to

pass and, instead of using the sparking potential to detemmine

the eritical gradient, he selected as standard the potential

1. Hoffmen, Ver. d. D. Phys. Ges. Vol. 12, p. 880, 1910; also
. Phys. ZS. Vol- 11, P 961, 1910.

2- Ho:ffmazl, ZSQ f. Ph»ySQ VOlo 4, Pe 563, 19210

3. Hoffman, Phys. ZS. Vol. 13, p. 480 and 1029, 1912; Ann. der
Phys. Vol. 42, p. 1196, 1913, and Vol. 52, p. 665, 1917.



o~15 amperes would pass be-

for which a current of 1.98 x 1
tween the electrodes. His results show that for the metals
tested, platinum-iridium has the highest critical gradient
(4.8 x 10% Volt/cm) and lead the lowest (2.2 x 108 volt/em),
copper, aluminum and zinc having intermediate values.
Critical gradients 50 per cent lower than these were obtained
when sufficient care was not taken in the cleaning and
polishing process, although to the unaided eye the surfaces
appeared clean and smooth.

Hoffman's first observations using electrodes of
unlike metals led him to the same conclusions reached by
Barhart (1, c. 1908}, viz: that the metal having the lower
eritical gradient controls the discharge irrespective of
polarity. A more careful investigation, however, led him to
the results that, when a metal of higher critical gradient--
gradient determined with like electrodes--is used as the
cathode and a metal of lower critical gradient is used as
anode, the standard current is reached at a gradient lower
than the critical gradient of the cathode, but higher than
that of the anode. “Thus the critical gradient of this
arrangement is higher than he first found it to be, viz:
that of the metal of lower gradient, but not as high as one
might expect on the assumption that the electrons only

serve as carriers. This may be explained on the assumption



that positive carriers, charged atoms of the metal of lower
critical gradient, play some part in the discharge procsess.
Lilienfeld1 has carried out a large numbsr of
experiments using as electrode distames 1--12 millimeters,
and as electrodes very thin imife-edges, points and planes,
a series of points (Spitzenkrone) as cathode and a plane as
anode, a pointed cathode and cup-shaped anode, etc. The A. C.
voltage applied was of the order of 2-4x.104 volts and the
current which he was able to get bhetwoen the electrodes was
of the ordsr of milli-amperes. The potential gradient2 at
the factive cathode' surface was of the order of 107 volts
per centimeter. These experiments differ from those already
described because here the distances between the electrodes
and the differences of potential are roughly one thousand
times greater. Lilienfeld c¢alls the current betwsen the
electrodes--it is not a true spark--the auto-slectronic
current because it is produced by the electric field itself
and not by heat, light, or by secondary causes due t0 ioniza-
tion. He gives as his reasons for the absence of lonization
the fact that he has the best vacuum conditions, that there

is no visible glow between the electrodes, that the cathode

does not warm up nor charge sven after 100 hours of operation,

Y. Lilienfeld, Ber. d. Math-Phys. Xlassa d. Sachsischen
Akademie d. V/issenschaften zu Leipzig, Vol. 62, p. 31, 1920;
Ver. d. D. Phys. Ges. p. 11, 1921; Phys. ZS. Vol. 20, p. 280~
282, 1919; rhys. Zs. Vol. 23, pp. 506-511, 1922,

P Scmttlw 25. f. Phys. Vol. 14, Pe 80, March 1923.



and that the fluoresence on the glass walls, etc., are purely
high vacuum vhenomena. He finds that the discharge, for
given vacuum conditions and a given metal, is a function of
the geometrical shape of the electrodes and the distance
between them, in other words, a function of the potential
gradient at the active surface. However, he finds, that in
order to produce 'auto-electronic' currents using finite
voltages, he must place the elsctrodes closer than a given
distance, each curvature of active surface having associated
with ;t a particular distance.

For different metals he finds that the one with the
longest long-wave-length limit glves off electrons at the lowest
voltage, and vice versa. A caesium coated point produces the
same sized currents under the action of several hundred volts
that the heavier metals produce under the action of as many as
5000 volts. The 'auto-electronic' current he finds to be inde-
pendent of temperature. On the anode, he observes luminous
spots which he calls, "Bremnflecke", and for a study of these
he uses a concave anode. The spectrum of the "Bremnnflecke!,
he finds to be contlnuous. The cathode, as well as the anode,
gives out X-rays, those of the cathode being softer than thosé
of the anode. He thinks that the hardness of the X-rays from
the cathode (they pass through the glass tube and a few

millimeters of aluminum) is too great to be attridbuted to the
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acceleration of the elecirons by the field at the active sur-
face, but thinks that they might be caused by the shifting of
electrons from outer orbits to inner ones, the shifting being
due to a distortion by the strong field of the outer elsctren
orbits.,
Professor Milliken, continuing the work of Hobbs,
but inéreasing the distance between the spheres to one milli-
meter and placing the spark gap in a vacuum, found the spark-
ing potential to be a function of the sphere surfaces; the
magnitude of the potential being contrglled by the nature of
the surface cleening and polishing and by the number of times
the spark wes passed. DBecause of their irregularity the data
were not published, and Professor Millikan became convinced
that & more careful étudy of the problem should be undertaken,
The investigation was continued off end on for as many as ten
years, the general conclusion being that in a vacuum so high
that the gas plays no further part in the discherge, the
potential gradient at & metal surface necessary to obtain a
dischaerge is exceedingly variable even for the same metal
surfece, He and ¥r, Shackelfordl published & note in which
they state that with clean unireated surfaces--two crossed ‘
tungsten wires, size 18, placed a few millimeters apart--

they were able to get a first leak, =2s measured on a tilted

- - -

1, Millikan and Shackelford, Physical Review, Vol. 15,
p. 239, Mar, 1920,
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electroscope, using a gradient at the surface of from 100,000
to 500,000 volts per centimeter, When heated 1o red heat and
then cooled, these same gurfaces gave a2 first leak at from
400,000 to 700,000 volts per centimeter., On heating to
2700°K thé firast leak was pushed up to 4,300,000 volts per
centimeter and the first spark up to six million volts per
centiméter.

The present investigation is a further continuation
of this sttempt to see just how far surface conditions con-
trol the field strength needed to pull electrons out of cold
metals, Since there was available a maximum D, C, potential
of only 12,000 volts, and since we wished to make the distance
between the electrodes as large as possible, it became necessary
to design the apparatus in a manner such that the field intensity
at the surface to be investigated would be very large because of
the gsmall radius of curvature of the surface, Hence two
types of electrodes havé been used in these experiments, viz.,
point and plane, and a fine wire at the axis of a cylinder,
the point being the cathode in the first case and the wire
playing this role in the second., It seems netural to
divide the invesiigation into two parts, using the type of

electrode &8 the criterion of division,



POINT AND PLANE

I. Field Strength at fnd of Point,

The points are shaped, as nearly as possible, in
the form of hyperboloids of revolution, thus making possibdle
?he accurate calculation of the field strength at the end
of & point,

Let the axis of symmetry of the hyperboloid be the
X-axig and the plane which contains the Y and 2 axes be the
metallie plane, then with the point placed at the correct
digtance from the plane and with a difference of potential
between the electrodes we shall have & system of hyperboloids
of revolution and an orthogonal system of half ellipses
representing the equipotential surfaces and lines of force

respectively.

12
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For the free space between the point and the plane

we have the equation of Laplace,

Agp=o (1)

Which in generalized coordinates becomss,

!
Ad =7 {M@;ﬁ L2 (MH8) )y
w il G )R G A ) = @
where an element of length is given by,
e Udurs Vv« W'dw
Because of the nature of the equipotential surfeces and the
lines of force it is desirable to change to hyperbolic

coordinates., This may be accomplished by use of these

transformations,
X=ar/¢7;7_}'ﬁ:d/a/:; jz=y (a)

We may write for Cartesian coordinates, symmetrical with

respect to the X-axis, the following,
T 1t z
ﬂ":dxxf-fé?T“?z”/Q (5)

lnking use of the transformetion equations (4),

= alyt; dv+ ava At

o
/L;; al -y du ~ v 4
[~

Now from (5)
&Lf1= d’)‘l')‘ /—714‘ 724'/92

= AYTy ) gt e ) AS sy

J—vE Ut 4
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gince the system is symmetrical with respect to the X-axis

and the new coordinate w is therefore the angle 6.

But from (3)
A= WAd* + 7%1% %Zdﬁw‘,

4
7/__&, A e A %4 /”-“") W=anVi*
o v /=r*

Since the system is symmetrical with respect to the X-axis,

Hence,

(6)

and since the hyperboloids of revolution are equipotential

surfaces we have at once,

— — /
end thus,

L Un i,
oy Iy

At once using the values given above for U, V and ¥ we have,

d’(a/}-:’;:_—" ﬂ ”‘Z__kl,/_/

Z Yz+1 .o =0,
ov | — 2y

a/ﬁfl
et 2
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and
D // 4&11:1:;1:22 . U = 0
vl S 0V )
Solving,
-y )/ 32)= A,
and / -
gj‘; 4/7:;2).
Hence
dv.
¢=A 1—=r?
Integrating,

On the surface of the point we put,

V= Vo and @ :.¢5 . Since the plate is kept at
zero potential or very near it, we write,
¢ = C at the plate where V = 0, hence

at once it follows that B = O, and for A we solve and get,
N-28
= o ile
/+% -
-
Then having determined the constants we may write,

¢4 l=T
byle]
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The electric force is now obtained from the relation,
E:"“M:—_Lé_é.
28, v Iy
This may be put in the form,

Fa-Lyt-p" .__/.’__.__4 / :
Aa vy 1V & Yl i) mr)

and at the

Now at the surface of the point we have v = v,

end of the point u = o, hence for the potential gradienti at

the end of the point we have the relation,

E--A_+_ _z¢

o .
a /-y* 15 2 (7)
ﬂ’ﬁ};z /“lé

The problem now is to determine the values of & and
v, for the different points, Assuming a
point to be a irue hyperboloid of revolu~
tion and properly placed with respect to

the plane so as to be an equipotential

surface in the type of field considered,

then eliminating u between the trans-

formetion equations (4), we bave the

FPoint

€~ blane

hyperbola,

Figure 2,

i y*
avt gz(/—y’) =
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which when revolved about the X-axis gives an equipotential

surface, For the metal point we have this hyperbola,
O 4*

avytoaf-ny

Call the distance between the end of the point and the plane

Zz (9)

Xy, Figure 2, then from equation (9) we have

X X (10)
= Z and Xo :A.VO and 8z _0
a.LVoz . 'vo

Thus a is determined in terms of x, and vy. Obviously xg can
be measured by use of u good micromster microscope. The
coordinates of u given point (%3, yy, ) located on the edge
of the image of the metallie point as given by a micro-
photograph (Figure 3, page 18), can be measured and at once

v, can be determined from the equation,
i
'waz 2
’{:.— ';.~)z 2 (11)
YT,

provided, of course, x, and x; are reduced to the same scale,

(s
This is necessary since x, is a direct measurement and xq is
a measurement obtained from e photograph of an enlarged imege
of the point,

Actually the point is not a true hyperboloid of
revolution because of construction difficulties, Hencse,

within a limited range, there is no one value of Xq which

should be used more than another; that is, no distzance



Flotinam
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between the point and the plane will give exactly the field
described above. However, if for a given value of X1 Vo be
calculated from the coordinates of a number of points on the
curve, and if the values of v, thus calculated be the same
or nearly so, then a good value of v, is assured., Thig leads
to an approximation method to be used in this investigation,
The value of x, 1s varied, values of (xl, y1) are found

from the curve (photograph of the point), and for each

particular value of x, an average value of v, is calculated--

o
a greater weight being given to the portion of the curve near
the vertex, Finally the values of & are arrived at, For a

rather wide range in ths values of Xo, the values of v, for

o
a given x, are surprisingly constant for calculations made
using the part of the curve (photograph) near the end of the
point, From this it follows that although theoretically
each distance between point and plane should have a slightly

different shaped point, yet practically the point serves well

for s considerable varistion of this distancs,

II. Apparatus and Method of Procedure.

Four metal poinits--gharp tungsten, blunt tungsten,
sharp platinum, and sharp nickel--were made as nearly &s
possible in the form of hyperboloids of revolution, polished

and cleaned. Then using & projection lantern with a micro-

scope attachment, micro-photographs were mede of each point
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by ellowing its enlarged image to fall upon sensitized photo-
graphic paper. These photographs are shown in Figure 3, page 18.
The points were then mounted in the glass tube, Figure 4, page 18,
The glass structure in which the points are sealed also contains
an enclosed soft iron rod. The structure is sealed to & small
shaft which is free to turn, and it is easy, by the use of an
outside magnet, to bring each point in its turn before a small
polished stationary tungsten disc, the plane, By means of =
sleeve the other end of the shaft is fitted into a threaded
journal. A second glass enclosed iron rod is sealed to the
screw part of the journal and thus by the use of an outsids
magnet a given point may be moved forward and back simply
by making the screw turn. Concentric with the tungsten disc
is a thoriated tungsten filement which is the source of
thermions in the process of heating the points and plene by
electronic bombardment,

The vacuum is produced by two mercury conden-
sation pumps placed in series, A liquid air trap is used to
freeze oﬁt the mercury vapor, Figure 5, page 21,

The tube was baked during eﬁhaust at 350° C for
eight hours. The tungsten disc and points were heated to
white heat, approximately 2200° K, = number of times by

electronic bombardment., The platinum point wes heated to
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approximetely 1900° K. By mistake the nickel point was
heated to a temperature somewhat above its melting poini,
1725° K, and it thereby became a very blunt point. Vhen
data was being taken the pressure was always as low or lower
than 1078 mm, of mercury, the lowest pressure which could be
estimated on the HcLeod gauge.

Direct current generators are the source of high
electromnotive force, (Figure 5, nage 21), A Max Kohl electro~
static voltmeter V is used to measure the difference of
potential between the point and the plane and & tilted electro-
scone is used to measure the first small elecirical leak be-
tween the slectrodes. The arrangement of apparatus is showm
dilagrammatically in Figure 6, page 23. Care is taken properly
to insulate and shield the wire which leads from the tungsten
disc (plane) to the electroscope.

The method of taking data is as follows. After the
precautions of pumping and baking as described above, a
desired point is brought before the disc, the electrode dis-
tance adjusted, and this distance measured by a micrometer-
mieroscope., The insulation of the electroscope including the
wire to the tungsten disc is tested and the calibration of the
eleciroscope checked by an auxiliary battery not shown in

the figure., Now with the leaf of the electroscope and the
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plane grounded by the switch G, the switch H is closed and =z

potential applied to the point., When 21l is steady the switch
G is opened and if a proper negative potential has been
applied the movement of the electroscope leaf will indicate

a charging up of the plate negatively which means a passage

of electrons from the point to the plane. That this leak is
not on the inside 'of the glass is shown by the fact that with
a reversal of {lis votential no current {positive or negative)

is detected,

III. Resultis.

Potential-Current Curve. With the tilted electro-

scope adjusted to give 50 scale divisions for 24 volts (one

=11
0 11 amperes, the capacity

scale division per second = 1.8 x 1
of the electroscope and connectlion being 34 electrostatic
units), and with 2 distance between the sharp tungsten point

and the plane of 0.0075 ecm., the following potembial-current

data were obtained in the order given,
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Table I.
Potential Current

34 . -1l
3400 volts 45,0 x 10 amp.
3200 16.1

3100 7.2

3150 12.9

4100 405.,0

3500 112.0

3000 10.6

3500 112.0

3050 14.3

(Next day, otherwise conditions the same ).

3700 20,0

3150 15.8

3050 6.9

3000 4,5

2800 1.5

(Figure 7,

"eritical'

These data and their graphical representation

page 23) show that the current begins at a

' voltage or gradient and then increzssss very

rapidly with an increase in potential,
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Potential Gradient ot Poluts, As explained on

e

page 17, in order to determine the value of the potential
gradient at the end of the points it is necessary to determine
the parameters a, %o, and vy. By use of equation (10) a is

at onee determined from x, and v,. By a simple measurement
with a micrometsr microscope the distance between point and

1,

plane, xo,1is determined. By use of vernier calipers the

x and v coordinates of poinis lying near the vartsx of the
hyperbola-~the photogravn of the metallic point--are measured,
These values, averages frow two photographs of thse sharp

tungsten point, are as follows, x§ being xo reduced %o

maghified scale.,

X Y
%5 + .10 en, .240 cm.,
.20 . 308
.30 387
.50 497
.70 .594
.90 .689
1.10 LTS

The magnification is 127 times hence, "&'*L/*///

e~ X111 -1
)
4

for the particular electrode distance, i
(_.xl ~

By use of the above data and equation (11) we have the

Zo = +0121 cm, x§ - 127 x5 = 1.54 cm,

following.
X Y TJ o
1l.64 « 240 .921
1.74 .308 ,935
1,84 .387 934
2.04 L497 .938
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2424 .594 . 940
2.44 .689 . 940
2.64 TS .941
Average v, = ,935
a = 0129 cm.
Fo.= 2950 volts.

2d B . 1

- o

l"’_vo l‘V%

AT Y

=
[ ]

a log ,

1 -Vo

1,070,000 Volt / cm.

o]

This illusirates how the potential gradient, £,
is determined for the different shaped points, and for
differsnt electrode distances,

In the data given below, Teble II, x, is the
distance between the point and plane, & is the potential
which is necessary to produce a "field-current” of 2,3x10'12
amperes, and iy is the corresponding “eritical" potential
gradient at the end of the point, These results were taken
after the preliminary heating, and presumebly, therefore,

they are observations for given surface conditions,
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L0057
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.0065
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0247
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Table II,

Sharp Tungsten Point

%o

cm, 2100 volts
2750
2950
2950
3250
4350
5550
6500

Dull Tungsten Point

%o

cm, 4050 Volts
3000
5000
7100

Sharp Platinum Point
o

cr, 6300 Volts
5600

Very Dull Nickel Point,

%

Crl, 7500 Volts
6200

28

.
o
1.04 x 10% Volt/cm,
1.146
1.068
1,082
1.088
1.076
1,206
1.102

1.102 x 105 Av,

o
)

.800 x 105 Volt/cm,

.76

.83

.83

i)

o)

2.38 x 108 Volt/cm.
2.46

o)

0.45 = 10% Volt/cm.
0.48

1. The nickel point had been melted during the heat treatment
so it became necessary to estimate its shape by use of the-
nmicrometer-nicroscopg raother than by use of its photograph.
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These data show very clearly that the pulling of the electrons
out of a metal is not determined by the voltage applied, but
by the potential gradient which, for a given treatment of the
metal surface, remains comstant.

The seening discrepancy between the "eritical”
gradients for tungsten and the possibility of the values

iven here being characteristic gradients of the metals will

0Q

be discussed later, A8 we shall see, the surface conditions
are, to a great extent, the controlling factors in determining

the "critical™ gradients.

Pulline Positive letal Ions From Points. When a

positive potentizl is applied to the points, the data given
below, Table III, seem to indicate that, in the case of the
sharp tungsten point, positive tungsten atoms are the

carriers of the current; while in the case of the sharp

platinunm point both positive platinum atoms and electrons make
up the carriers; and in the case of the dull tungsten point only
elecﬁrons carry the current. These couclusions are based on the
faect that for the sharp points the first electrical lesks, as
measured before and after the reversal of polarity, do not
appear at the same "critical" gradients, while under the some
conditions the first electrical leaks for the blunt tungsten

point appear at the same gradient; end further because, when

& positive potential is opplied to the points, the gradient
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at the plane, in the case of the sharp tungsten point, is too
simall to pull out electrons, while for the blunt tungsten point
this gradient is sufficiently large. Furthermore, since there
is no modification of the blunt point when a "field-current”
is obtained with the point acting as anode, 1t seems correct
to conclude that elecirons pulled from the plate are the only
carriers used in this case. The sharp platinum point when
used as anode is modified by the current and the potential
gradlent at the plane under these conditions is sufficiently

.

great to pull out electrons, hence the conclusion for this

case that both positive and negative particles carry the

current.

Table III.

Before reversal of Positive potential After reversal
Polarity (Point applied to point (Point charged
charged negatively) negatively)

- " . - P R, X .
o (at point) Eo{at point) By{at plane) Eo (at point)

Sharp 1.10x106V/cm. 1.7Ox106V/bm. .22x106V/cm. 1,34x106v/cm.
tungsten

Dull .81 1.42 .73 .64
tungsten

Sharp 2.42 2.34 .93 1.39
pletinum

The varied behavior of the points is largely due to

the differences in geomsetrical form,
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Effect of Tmpurities, The values of the gradieuts

given in Table II, were obtained after a preliminary heating.

It now seemed advisgble to try the effect of further heating.

in every case it was }ound that the heating of o point to very
dull redness made it easier 1o pull out the electrons, 2nd heat-
ing it to a yellow whiteness made it wmore difficult to pull them
out. The surprising thing is that this process is more or less
reversible, that is, roughly speaking a point can be made "hard"
or “soft" at will, The most probable explanation is as follows:
Thorium is evaporated from the thoriated filament used =s the
source of thermions and a small amount of this is deposited on
the point being bombarded only to be reevaporated when the point
is at white heat, but retained on the surface when the point is
heated only to dull redness. FPlacing the point near the hot
filament when no bombarding potential is applied will some-

times, but not always, make the point "soft".

Table IV,
Heating to white heat. Heating to dull red.
B ‘ i
0
Sharp tungsten 1.04 x 108 V/cm, .64 x 10° V/cm.
point 2.00 .90
1.67
Blunt tungsten 1,38 » 07
point 1.04
Sharp platinum 2446 .95
poini 3.16y .67

1. The platinua point was melted in a further attempt to make
the point "hard”,



WIRE AND CYLINDER

I, Field Strength at Surface of Wire.

The wire is located at the axis of the cylinder,
hence when & difference of potential is applied, lineg of
force will extend radially from the wire to the cylinder and
be locatsd in planes normal to the axis of the wire, For
the free space bstween the wire and the cylinder we have

the equation of Laplace, viz.,

Z}f? = 0 (l)

Choosing the axis of z as the axis of symmetry this equation

becomes in Cartesian coordinates
1
0 4 0v8 = o
0 X* o

the general solution of which is,

& - A log p+B, where ¥ = x"+ v7, (2)

and where p is the distance from the axis of symmetry, and
A and B are arbitrary constants to be determined by the

L

boundary conditions, Suppose the potential at the surface

of the wire is &7 and at the surface of the cylinder & ,

32
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then if R and r represent the radius of the cylinder and the
wire respectively, we have
%2
5

& log R+ B

-

Ailog r + B

Solving for A and B and substituting in equation (2) we have,

0 7 | (0od) g 2d Bl )

Now remembering that £ - - » __ We have,

PRI B

R

E- _&7/_?/:8 /é“ﬁ:)é

At the surface of the wire we write p = r and as the

cylinder is always very close 1o zero potential we place

8, = O and write,

B g (3)
1

T

log&%@«
as the equation to be used in calculating the potential grad-
ient at the surface of the wire, By measuring the dilameters
of the wire znd cylinder it is at once possible to calculate
the relation between the voltage applied and the gradient at

the surface of the wire,



The diameter of the wire was measured by two
methods., The first method involved the use of zn excellent
deiss oil-immersion compound microscope, The diameter of
the wire as seen in the microscope was compared with a
standard scale placed at the focal plane of +the microscope
eyepiece., A standard scale, graduated to tenths of milli-
meters was then viewed through the microscope, and the
divisions compared with the scale in the eyepiece. It wag
thus possible to calculate the diameter of the wire. The
second method was sgimply the calculation of the diameter
from the mass and density of a given length of the wire,

The mass was determined by weighing the wire on a specially
designed torsicn balance built by the author. On this
balance one can estimate to hundredths of milligrams and
obtain results which agree among themselves to at least .02
of & milligram.

The results of the two methods are as follows:

Hicroscope IHethod.

{a) Tungsten direct from spool,

Size of wire-=wroaw= 8.10 av, div. eyepiece scale,
Size of 1/10 mm,----66.5 av. div. eyepisce scale,
Diameter of wire---- ,00122 c¢m,

(b) Tungsten wire which had been heated to 2000°K.

Size of wire~=we~=~w 8,07 av, div, eyepniece scale,
Diemeter of wire~--~ 00121 cm.
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Jeight Hethod,
Welght of 50 cu, of tungsten wire----w-- 1,13 umg.
Diameter of wire, using 19 as density; -~ .00123 cm,
According to Langmuiry the weighing method has been

found to be the most zceurate meons of oblaining the diameter
of small wires. 4is debermined by the high-vowered microscope,
the diameter of the wire does not vary more than one percent,
There are very smell irregularities, however; these will be
considered &nd discussed later (B76). In view of the above
data and these considerations, the dismeter may be taken zs
equal to 00123 cm. and may be considered correct to about

one percent. The diameter of the cylinder is 1,625 cm.

Hence from eguation (3) we have,

E - d - =228 4,
log  1:5%5 ., -R0l23.
.00123 ¥

a simple relation between the gradient snd the potential,

1. Languuir, Physical Review, Vol. 7, No. 3, p. 302, ¥ar. 19185,
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II. A2Apperatus and ¥Method of Procedure.
rp

Yy

The zpparctus used in this part of the investigation

¢

consists of a Pyrex glass tube, Figure &, in which is placed
a fine tungsten wire W and a copper cylinder C, The wire is
kept tzut by a four-gram iron weight I, sud is adjusted so os
to be in the axis of the cylinder. Two leads are conneeted
to either end of the fine wire and then brought through =
geal in the upper part of the tube. It is thus possible to
send a current through the tungsten wire and thereby heat it
to any desired temperature, When the wire is heated to
temperatures over 11000K the iron weight is 1lifted by
means of an electromagnet, L, With this arrangement one moy
keep the wire taut at low temperatures and vet be insured
sgainst its breakazge at high temperatures,

The cylinder is supported by a large tungsten wire
which is sealed in the post P. This post hss a glass sleeve
which is used, when the c¢ylinder is hested to bright redness

in the process of denuding it of gases, as & precaublon

(=3 (&)

s

against a deposit of copper which might form on the post and

W

thus spoil its insulating properties, dn saritlhied gusrd ring
& <rox N Ex
is placed around the post P so that, in case & charge should

be conducted on the inside of the glass, none of it will reach

the cylinder. The large tungsten wire passes through the sezl
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in the post to the outside of the tube where it is joined to
a copper wire which leads to the tilted slectroscops., A small
glass tube iz sealed to the mein tube in such a manner as to
enclose this conductor which is then electrically shielded by
covering the glass with eerthed tin-foil,

An eleciric heaver surrounds the main glass tube,
The metal cylinder on which the heating coils are wound is

grounded and thus the heater serves as an electric shield for

™

the tube. 4 grounded guard ring is placed &t A, Figure &, to

keep the oulside of {the tube from becoming charged when @ high

ol

otential is applied.
Direct curreni generators zre used as the source of
high potenticl, the meximum voltage availeble being 12000 volts.

he generctors is placed » million ohms re-

In series with 1t
to protec% the apparatus should a short circuit be
established between the wire and the cylinder, A Mex Xohl
glectrostatic voltmeter V, élibrated in place, is used to
meesure the potential applied between the wire and the cyl-
inder. 4 tilted electroscope T and &« galvenometer G pro-
vided with & varisble shunt ore used to meusure the "field-
current” between the wire and the cylinder., The wire to the

galvanometer is disconnected at R when the tilted electro-

scope is being used.
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The pumping apparetus is the seme as that described
in the point and plane experiment, except for a charcoal trap
which is now zdded. To insure the besf of vacuua the tube znd
charcoal were baked during exhaust by wmeans of slectric
furnaces for not fewer then 4 hours, and in & nwibsr of cases
for @«s meny &s 18 hours. Feur to six hours of proper baking
seens to be as effective as the eighieen-hour trestment.

Under the long treatment {the process used is zs follows., The

tube end charcoal trap are hested to 420° C, for one hour,

the pumps working at maximun spsed all the vhile, The temper-
ature is then ellowed to fall to 370° C and kept there for ten
hours., At the close of this heating, with the temperature
etill et 370° C the Meleod gauge should show no measurable
pressure (pressure less than 10'5 rm of mercury). The heat

is now turned c¢ff the charcoal, but the tube is heated at 230° C
for 10 hours. &t the close of this period liquid air is placed
on the charcoal trap. Liquld air has been on the mercury

trap since the first half hour of heating, when it wes sup-~
posed that & large porticn of the water vapor had been pumped

out. This is & precaution ageinst collecting too much water

')

vapor in the mercury trep. Liguid air is now kept on both
traps both dey end night, snd if for any reason the liquid air
is left off, el least pert of the baking process is repeated,

o 428 o mee-

1. High Vecuun by Dushmen, p. 157-159,
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The shorter process, which seems just as effective, is to bake
for one hour at 420Y C, then for three to five hours at 370° C.
By this time, if the pumps are working properly, and the
apparatus is perfectly tight, the HclLeod gouge will show no
measurable pressure with both charcoal =nd tube at 370° C.

Y okl

After this type of baking a pressure less than
107 1 of mercury was cobtained. The tube would stand over
night, liguid air on both <traps, ond then show no measurable
pressure on the Mcleod gzugs.

At the proper time in the investigation the cylinder
was heated to cherry red for from eight to twelve minutes by
electronic bombardment. The bombarding potentizl was 2,000
volts and the bombarding current 100 millismperes. The
filament used as the source of thermions is strebched in a
series of zigzage around and within helf a centimeter of the
cylinder. This part of the apparatus ig not showm in the
figure,

The method of {taking date is

o

ssentizlly the same as
in the poinf:and plane experiment. In addition to the tilted
electroscope, & galvenometer is added which will measure
currents fron 3;{10"'8 amperes to milliamperes by the proper use
of an Aryton shunmt, The current used to hest the wire is
measursd by means of & good nultimeter (Rawson Electrical

Instrument Co.) or & Yeston millismmeter. If the wire is to

cl-

be heated &t the same time voltages szre spplied to it, then
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the apparatus used to furnish and mezsure the heating current
is placed on &n insuluted stand. Using data published by
Lengmuiry, the temperature of the wire is obtained from the
value of the current in the wire znd its diameter.
Cbservations were taken on three specimens of
thori&ted tungsten wire, These pieces were from the same
spool wnd, as explained above, had &« dizmeter of .00123 cm,
When a new wire was introduced the tube was opened up, the
wire supplied, and the tube sealed up again. This method was
rather inconvenient, but the process insured the possibiliiy

of the best obtainable vacuum. When observetions were being

made the pressure was always less than 1076 . Hg.
III. Results,

In recording the data obtained from a study of
the three specimens of thoriated tuﬂgsten wire, it seems
best not to attempt to pul down all the dats taken, nor +o
try to meintein their chronological order, but 4o record

ropresentative data in 2 natural sequence which hes growvn oud
1 &

&£

of & consideretion of the dats s & whole. Since the three

wires are of the same material, the same diocmeter, and show

s

the same characteristics, datz will be selected irrespective
of the wire used. The wires will be numbered I, II, III, the

nunber indicating the order in which they were investigated.

- — -

1. Zengmuir, Physicel Review, Vol, 7, p. 302, Mor. 1916,



The Repid Rise of "field-current” with Increasing

Potentiel Gredient and the Reversibility cf the Process, The

data recorded beloware for Wire I which had received no hesat

treetment, except that vhich wes necessory,in baking ocut the

& o

.

tube, but which had been conditione as explzined below, by
3 H ¥ B

g large "field=-current™ of 0.42 millizmperes.
& ig the potentizl between the wire and the

cylinder, & is the potentiscl gradient at the surface of the
wire, and I is the current bestween the wire and the cylinder--
the electrons pulled from the tungsten wire--vhich we shall

call the "field-current"

& B I ‘“OglO('L 10
1810 Volts  .41x108 Volt/em.  9.7x107%% Amp.  0.99
2500 .57 3.0x10° % 4,48
2750 .63 1.5x1077 5.18
3000 .68 7.5x1077 5.87
3500 .50 4.6x10 ¢ 6.68
3900 .89 2.7x107° 743
4200 .96 6. ouo’r 7.84
4600 1.05 2.1x1077 8.32
5000 1.14 Q.Jklo 4 8.59
4400 1,00 fof 7.95
3900 .89 : @.*Alo 7.38
3600 .82 8,7x10°¢ 6.94
3000 .68 8.7x107 5,94
2500 .5 3,0x10°% 4,48
1750 40 9.7x10" "% 0.99

- s ¥

Y. The first end lest resdings of the current were itaken on the
tilted electiroscope, the other rezding on the galvanometsr.
The electircscope was adjusted to give 50 div, for 3 volis;
the capzcity of eleciroscope and leads was 73 electrostatic
units, Two divisions per sscond equals 9.7x107 e Anperes,
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Table V. (Cont'd)

Trial 2.

é & I LoglO(leOlz)
1 i 6 -z

750 Volts  .40x10° Volt/ecm.  9.7x10  Amp. 0.99
2500 .57 3.0x10° % 4,48
2700 .62 2.0x1077 5.29
2900 .66 6.2x1077 5.79
3300 .70 1.5x10¢ 6.18
3400 78 3.9x107 ¢ 6459
3700 .84 1.4x107° 7.15
3800 .88 1.8x107% 7.26
4000 W91 3.6x10°% 7.56
4220 .96 6.,0x107% 7.78
4400 1.00 8.1x10°° 7.91
4750 1,08 2.1x10 8.32
4950 1.13 3.6x10°Y 8.56
4650 1,06 1.8x107% 8.26
4400 1.00 8.7x107% 7,94
4000 .91 3.3x107% 7.52
3700 .84 1.4x1077 7.15
3400 .78 4.5%10 6.65
3050 .70 1.1x207¢ 6,04
2750 .63 2.1x1077 5,32
2400 55 3.0x1077 4,32
1800 .41 9.7x10"" 0.99

The graphical representation of the data of Table
V is shown in Figure ¢, page 44. These data and their graphical
representation show that for a clean "field-current-conditioned”
tungsten surface, but not heat-conditioned or treated, the
"field-current” increases more than ten millionfold with a
threefold increase of potential gradient, that is, from

6 - 6 7 1 3

A0x10 0 to 1,13x107 Volt/cui, And thesedata further show that

for "field-currents” lower than the current which conditioned

1he surface the process is quite accurately reversible,
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Condlulonxna the surfece By leans of "Field-current",

Field-currents™ drawn {rom the surface for the first time,
or for the first time after some heat treatment cuch as =
long baking out of the tube, the heating of the cylinder to
cherry-red heat, the heating of the wire by neans of a cur-
ent, etc., generally produced a psruanent effect upon the
surface meking it more difficult to pull out the electrons.
This is shown by the data in Table VI below. The change
or conditioning of the surface is also dependent on the
meximua current drawn from the surface, (Table VII), and is
not dependent, except to a very slight extent, on how long
a time the current is drawn from the surface (Table VIII),
When once conditioned, and then not subjected to further
conditloning by current or by heat, the surface seems to Dbe
constant, becsuse, =s explained abovs, if the maximunm condi-

tioning "field-current" is not excseded, the current run is

reversible, (Table V). The exception ‘o this reversible action

4

is the case of surfaces subjected to intense hezt trestment,
‘as explained in connection with the data representsd in
Figure 11,

The "field-current”--voltage data in Teble VI are
for Wire II, They ars the first observations on this wire,
therefore, the currents are the first to be taken from the

tungsten surface,



Table VI,

First, or Conditioning Run.

8 i 1 Logyo(Ix10% %)

850 Volts .19x10% Volt/ea. 9.7:x10 “imp.  0.99
1500 .34 1.5x10°°7 4,18
1650 .38 3.0x107% 4,48
1900 .43 2.1x10'z 5,32
2250 .51 2.1x107° 6.32
2500 L57 1.2x107° 7.08
2700 .52 2,4x1077 7.38
2600 .64 3.9x10°% 7.59
3000 .63 6.6x107% 7.82
3500 .60 1.9x10 % 8.08
4000 W91 3.3x10° 7 8,52
4400 1.00 5.4x107% 8.73
4000 .91 2.1x107% 8.32
3700 .84 8.4x107° 7.92
3500 .80 3,3x107% 7.52
3150 .72 1.1x1677 7.03
3000 .68 6.3x10° 6.80
2600 .59 6.6x1077 5.82
2300 .52 7.5x1077 4,58
1500 .34 9.7x10""* 0.99

Second Run.

2200 .50 3.0x1077 4,48
2450 .56 2.9x1077 5.46
12900 .66 3.6x10"° 6.56
3100 W71 1.0x1077 7.00
3350 .76 1.8%107% 7.23
3500 .80 4.1x1077 7.61
3700 .84 8,7x107% 7.94
3900 .89 1.5x107¥ 8.18
4200 .96 3.3x107 Y 8.52
4000 .91 2.1x107f 8.32
3800 87 1.1x107} 8,06
3500 .80 3.9x10 % 7.59
3100 71 9,9x10°°¢ 6.99
2900 .66 3.,0x10 ¢ 6.48
2500 .57 4,5210 ' 5.65
2300 .52 1.1x10°7 5.02

1530 .35 9,7x10 0.99



The graphical representation of the data of

ge 44,

Table VI is shown in Figureig, pa
Table VII,

The Conditioning of the Surface Dependent on
Maximum "Field-current" used in the process.

Wire II,

& I T & 1
1060 Volts  9.7x10 " Amperes 3500 Volts l.4lej;Amperes
1750 3.0x.0°7 4000 6.6x10
2000 2.4x10" ¢ 4550 2.7x10°%
1750 2.1:;10'2 4000 4,5%x10°7
2000 1.4x107 3500 6.9x10°*
2500 1. 5x10*{ 3000 5 .7x10‘;
2000 5.,7x10" 2500 3.0x10°
1750 6.0x10°7 3000 5.7x1077
2000 3.9x107 3500 6.6%x107%
2500 6.6x10°° 4000 4.8x107°
2000 3.0x1C7 4550 2.1x107¢
1750 6.0x1077 5000 5,410
2000 3.02107 4550 1.8x10"]
2500 5.7x10 4000 3.9%10
2000 3. 3:;10'; 3500 5.1x10°¢
1750 6.0x10 3000 3.,921077
2000 3.2x107 3500 4.8x10°%
2500 5. 7xlo“; 4000 3, 6;410"';
3000 9,0x10 4550 1.8210
2500 7.8x1077 5000 4,.5xlo:"
2000 5,0x107 5500 1.1x10
2500 7.58x107" 5000 3.6x10
3000 6.3x10° 4550 1.5x10°°
2500 4,5x10 4000 2.4x107%
2000 9,0x10 ;’ 3500 3. 9x10°:
2500 5.4%x10" 3000 2.1x10
3000 6.0x107, 2550 3.0x10
3000 S0 3500 e
2500 1,521077 4000 2.7x107
2200 3,0x107 4550 1.5%10
2500 1.8x1077 5000 3.9:x107F
3000 2.4x10 5200 6.0x10
3500 2.1x10"° 5000 3.9x10”;
4000 8,4x107% 4550 1.5%10° .
3500 1.5x10°F 4000 2.6x10
3000 1.5x107¢ 3500 3.5x10°¢
2500 4,5x107% 3000 3.0x1¢"7
3000 1.52107° 2550 3,0x107?

1740 9,7x107""
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These data show that the wire can be conditioned for any
desired range of currents, but that with increasing range
there is a modification of the surface which lowers the
vfield-current® for a given gradient, Furthermore, they
show that the conditioning is not due to any particular
sized "field=current', but is simply due to the maximum cur-
rent arrived at, Yet all sizes of "field-currents"™ are not
equally effective in the conditioning process.

Wire II, having been conditioned by the runs given
in Table VI, was now tested for the effect of an hour's opera-
tion with a "field-current” of 0.2 of a milliampere.

TaPle VIII,

¢ i I
1530 Volts .35x20% V/em.  9.7x107'% Amperes

2250 .51 6.0x10°%
2500 .57 3.6x10°7
2750 .63 1,.5x107¢
3000 .68 6.6x10¢
3500 .80 3.3x10°F
3800 .87 1.1x107¢

Tinme
0 min., 4000 .91 2,1x10°Y
10 4000 .91 2.,1x10~f
20 3950 .90 1.5x107%
30 3950 .90 1.5x107¢
40 3950 .90 1.5x107¢
50 3920 .89 1.4x107¢
60 3900 .89 1.2x107
3760 .86 7.5x10
3550 .81 3.9x10~
3250 .74 9,6x10¢
3000 .68 3.0x10'§
2550 .58 3.3x10°
2430 .55 9,0x1677

1550 .35 9,7x10 "
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The long period of operation does not change the
Weritical® potential gradient for it is .35x10% V/cm bota
before and after the operation, yet as may be‘seen from
Tables VI and VII, the "field-current" conditioning process
changed the critical gradient from .19 to :34x108 in one
case, and from ,24 to .40x1.08 Volt/cm in the other case,

The continued operztion seems to decresse the sbsoluts
values of the large "field=-currents™ about 25 per cent,

A4 gradient of 1.7x10% V/em epplied to a surface
which had been subjected to extreme heat treatment produced
what seems to be a breaking or rupture of the surface, for
as will be seen from the data of Table I¥X, the "fiéld-currentu”
increased slowly until this gradient was reached and then
suddenly the current increased a thousandfold, Two definite
spots, presumably the region of rupture, appearsd for the
first time and gave off nearly the vhole ¢f the current, for
only two spots could be seen on the cylinder, Not only was the
current for a given gradient increased, but the critical gradient
was changed from 0,74 to 0.48x106 V/cm., This observation was

mede on Wire III; no similar effect was observed on the other

wires.
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Table IX.
3 i I
5100 Volts 1.16x10°% V/ca. 3.0x10" Amp.
5450 1.24 9.0x10°%
6100 1.39 1.5x1077
6700 1.53 2.0x10°7
7100 1.62 2.6x10°7
7800 1.78 1.8x10~

Conditioning the Surface by Heat Treatment. The

effect produced by heating the wire is so tied up with how
the impurities on the surface respond to different temper-
atures, that it seems best to divide the results of heat
treatment into a number.of paris, using the temperature range
as the eriterion of division,

First, consider temperatures below 1200° XK. Long
baking of the tube at 400° C reduced the "critical" potential
gradient of a "field-current-conditioned” wire, this in spite
of the fact that no change ever took place when the tube stood
over night, or for a number of days, provided the vacuum wés
meintained during this time., This is clearly showm by the

data of Table X,

Table X.
"Critical" Gradientl Haximun temp.
Wire Before baking  After baking of baking.
I 0.48x10% V/em. 0.37x10% V/em. 3600 C.
I 0.40 0.38 420° C.
II 0.40 0.34 420° ¢,
III No data.

1. In this and the following tables, "critical" gradient is the
potential gradient needed to produce 2 "field=-current” of
9.7x107"* amperes.



Heating Wire II at 900°--1100° X greatly

the "eritical" gradient of a "currenv-conditioned"”

phenomenon is roughly reversible, but becomes less

reduced
surface. The

nronounced

with continued treutment as may be seen from a consideration

of the data of Table XI,.

Conditioning
"field-current" Baf

IR 6 7 /o . 6#* -
0.70 milli~amp. 0.41x10° V/cm. 0.34x10°V/cm.

0.2 0.41
0.24 C.41
0.24 0.41
1.05 0.40
0.045 0.40

Table XTI,

"Critical"™ Gradient
heating, After heating.
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Temner-
ature. aftsr con-
ditioning.
900OK. 5 min.
900 10
900 15
900 30
900 10
1100 5
1100 15
11.00 30
1100 45
1100 60
1100 90
1100 15
1100 35

wire I did not show this effect at 900°-1100° X, but

a5 this phenomenon i1s no doubt caused by an impurity on the

wira surface, i1t is not surprising to find this wire lacking

in this particular. Howevsr, as may be seen from the data of

Table XII, heating did make the critical gradient lower, but

thi® change took place &

a temperuture higher than 1100° X and

was only temporary. ire III, though not studied in the same



menner as that illustrated in Table XI, does show similar
tendencies as may be seen from the data of Table XIII below.

Second, consider the effect on the wire of heating
the cylinder to cherfy-red, 1400° ¥ approximately. The wirss
were not in the same condition when this treatment was made,
Wire I had a "eritical" gradient of 0.48x100 V/cm. which had
been produced by a conditioning current of .84 milliamperes,
After heating the cylinder this gradient was changed to
0.34x10% V/cu. In the case of Wire II, on the other hand, the
gradient had been reduced by heating at 1100° X as explained
above, and had a value of 0.24x106 V/em. This was changed to
0.36x10° V/cm by heating the cylinder, After the third wire
was placed in the tube, the procedure was somewhat changed,
The tube was baked out, and without testing for the "critical®
gredient the cylinder was heated. The "critical" gradient was
then tested and the value O.39xlO6 V/cm found,

Third, consider the effect of temperatures above
1100° X, Wire I had been current-conditioned at a "eritical®

. .

gradient of 0.51x10° V/cm before the heating., The effect of

neating is as follows,
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Table XII.

, Total time of heating Resulting "eritical"
Temp. at the particular temp. gradient,
1500° X 1 min, 0.50 x10° ¥/cm,
2000 1 .33
) 0.22
16 0.63
2300 1 Q.65
6 0.66
16 0.67
25007 2 0.67
) 0.67

At the beginning of the high temperature treatment,
dWire IT had a "critical” gradient of O.32x106 V/em, waich was
found to rémain constant at a temperature of llOO0 K due to
previous trestment. The results of the high temperature
trestment are given in Table XIII,

Table XIIX.

Total time of heating Resulting "critical"
Temp. at the ‘varticular teup. gradient .,
20003 Kk C 2 min, 0.90x10% V/em,
7 0.87
1500 5 0.66
15 0.67
2000 2 0.80

25003 ‘ 2 0.75

P L

1. By accident in later work the wire was burned out and hence
no higher temperatures were reached,

2. %hen I returned the next morning after taking this reading I
found the apparatus had developed a crack and that air had
filled the tube. After baking the tube, heating the cylinder
to cherry-red heat, and "curregt-ccnditioning” the surface a
“"eritical" gradient of 0.57x10 V/cm was obtained. Heating ihe
wire for 15 minutes at 1100° K changed this value to 0.46x105,

- The heat treatment was then continued,

3. The wire broke before higher temperatures were reached.



Wire IIT had not been treated except by the baking

i

of the tube at 4200 C and the heating of the cylinder to cherry-
red heat. The effect of temperature treatment is as follows:

Table XIV,

Tenmper- Total time of heating Resulting "eriti=~
ature, : at the particular temp. cal”™ gradient.
1100° X 10 win. 0.39x106 V/cu.
1300 10 0.39
1500 10 0.31
25 -0.26
40 0.29
17004 20 0.27
1900 10 0.57
25 0.46
40 0.34
55 0,61
1800 15 0.46
30 0.42
45 0.68
23002 10 0,74
2800 1 0.47
2900 1 (wire broke when weight was applied.)

1, This temperature and those lower are about 100-200° X too0
high, if one is to judge by the color of the wire. In the
other two wires 1100°K produced a just visible red color,
while in this case no color was visible till 13009 (as
determined by the current and diameter) was reached, The
heating above the temperature recorded as 1700 K produced a
change in the wire (not in diameter for this wire was later
checked with a microscope; so that the current meesurements
gave temperatures in agreement with the color of the wire,
Langmuir (1.c. Harch 1918) speaks of conditioning the wires
for one minute at = temwerature of about 1500° X, This
treatment he siys causes the evolution of an amount of gas
(mostly carbon monoxide) which measured =t =zitmospheric pressure
is usually 3 to 6 times the volume of the filament. There is
also a simultaneous change in the filament whereby its cold re-
sistance is lowered 15 to R0 per cent, znd the temperature co-
efficient of its resistance increased by a like amount.

2. after this reading a current-voliage run wes mude as shown in
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Lerge Currents Drawn From Surfaces Subjected to

Intense Heat Treatment Show Fatiguine Effects which Recover

Viith Time, The higher the "criticzl" gradient, which corresponds
to a higher temperature in the heat treatment, the greater is
this effeét. This is shown to be true from a consideration of
the data given below, Tables XV and XVI, and z2lso from Figure

11, page 58, which is a graphical representstion of the data of
Tables VI, XV, and XVI, the data of Table VI, which is for a
fcurrent—conditioned” wire, being added simply for comparison

purposes,

Tabls XV,

Potentizl Gradient Current Loglo(lxlolg)
2200, Volts 0.50x10% V/cm. 9.7x107224mp,  0.99
3500 © 0.80 9.0x10" 7 4,95
4000 0.91 4,5x107 5,65
4600 1.05 3,6x107¢ 6,56
5000 1.14 6.6x10"¢ 6.82
5500 1.25 1.9x107% 7.28
6000 1.37 5.1x107F 7.71
5700 1.30 2.7x107% 7.43
5150 1.18 7.5%107¢ 6.88
4700 1,07 2.1x10~¢ 6.32
4200 0.96 : 5.1310';, 5,71
3800 0.87 9.0x10" 4,95
3500 0.80 3.0x107 7 4,48

Table IX. There was no doubt a breaking or rupture of the
surface at one particular spot on the wire, for 2ll of a

sudden two bright spots zppearsd on the w:1ll of the cylinder

and the current increased a thousaundfold, After several current-
voltage runs, the'eritical” gradient was sbeady at 0.48x105V/cm.
The heating process was then continued.

"1. The current for this voltage was measured on the tilted
electroscope, the other currents on the galvanometer. Thds
voltage givesthe "critical-gradient ",
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Table XV (Xont'a)

Potential Gradient Current Logy o(Ix101%)

290, Volts 0.52 V/em.,  9.7x10 “iup. 0.99

After

15 min.3500 0.80 4,5x10°% 4,65
4200 0.96 7.5%x1077 5,88
4500 1.02 1.9x10°¢ 6.28
5100 1.16 9.9x107¢ 6.99
5600 1.28 3,0x107" 7.48
6100 1,39 7.2%107°% 7.86
5500 1.25 2.1x10™° 7.32
5000 1.14 6.3x107° 6.80
4500 1.02 1.5x10 ¢ 6.18
4000 0.91 3.0x107° 4,48
22501 0.51 9.7x107"" 0.99

Table XVI,

FPotential Gradient Current LoglO(leolg)
28007 Volts 0.64x106Y/cin, 9.7x10 Anp, 0.99
4750 1.08 1,5x107% 4,18
5500 1,25 4,5%1077 4,65
6150 1.40 1.5x1077 5.18
5600 1.50 2.1x10 7 5,32
7100 1.62 3.0x1077 5,48
7800 1.78 6.0x1077 5.79
8700 1.98 1.2x10’ﬁ 6.08
7800 1,78 5.1x10 5,71
7000 1.60 1.7x10 7 5.23
6500 1.48 6.0x107° 4.79

- o o

1. The currents for these voltages were measured on the
tilted electroscope, the other currents on the galvanometer,
These voltages give the "criticel-gradients®,



57

Table XVI (Cont'd).

Potentizl Gradient Current Loglo(lxlolg)
5950 Volts 1.35 V/em.  1.5%107° Amp. 4,18
3300 0.75 9.7x10 " 0,99

Aftsr one hour the first lesk had changed from 3300 volts back
to 2800 volts. The fatiguing effect had disappeared z=fter an
hour's rest, After 15 hours of rest the resulis given below
were obtained,

27201 0.62 9.,7x107'" 0.99
4200 - 0.93 6.0x10” 7 3,79
4700 1.07 1.5x1077 4,18
5150 1.17 4.5x10°7 4,65
5700 1.30 9.0x1077 4,95
6200 1.41 1.5x1077 5.18
6700 1.53 2.7x1077 5.43
7100 1.62 3,9x1077 5.59
7700 1.75 4,5x1077 5.65
8700 1.98 1.1x107¢ 6.04
7800 1.78 4.5x1077 5,65
7100 1.62 . 3.0x10°" 5,48
6500 1,48 1.2x10_, 5.08
6000 1.37 6.0x10_ 4,79
5500 1.25 2.4x10 7 4,38
34007 0.78 9.7x20°" 0,99

After one hour.

2810, 0.64 9.7x10 % 0.99

- - o

1. "Critical potential.
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Slope of "Field-current’--Gradient Curve a Function of

"Critical” Gradient, The rate of increase of the "field-current"

with the potential gradient is large when the "critical poten-
tial gradient is small and vice versa. This is clearly shown
in Figure 1%, page 58, a graphical representation of the data

of Tables VI, XV, and XVI.

The "Field~currents"” in General have their Origin

in a Few Minute Surface Spols, For smzll currents, lower

than 1076 amperes, and for corresponding volitages lower than
4000 volts, the tube remains perfectly black as viewed in a
darkened room. (Currents lower than these may produce =z
luminous cffect if the voltage is sufficiently high.) For
larger currents luminous spots begin to appear on the surface

4

ts appear on the glass wzall

of the cylinder, and fluorescent spo
directly out from the top of the cylinder, The cpots are no
doubt due to streams of electrons shot out from small reglons
on the surface of the wire,

The patches of light on the cylinder are reddish-
grey in color, zand &s viewed through a direct-vision prism
séem to have a continuous spectrum. However, this point should
be tested wmore carefully in an apparatus designed for this

purpose,
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As the field current increases the spots become
brighter ocnd new spots appear. Some of the spots are fixed
in position and, for a given current, constant in luminosity;
others are slightly changeable in position, and before a
stcady curfent state is reached, rather changeable in intensity,
and even when the current cppsars steady, there is some varia-
tion in these points. Sometimes in the "current-conditioning”
process, very brilliant spots spring into existence, This
is well illustrated by the action of Wire II, An irregularity
wa.s noticed in the "field-current"” and on looking into the
tube a new spot was seen on the cylinder near its center., The
spot was changeable in intensity but fixed in position, Its
intensity slowly decreased and its luminosity became more
steady. Thereafter, the current ceased to fluctuste. Another
interesting case is that observed in the study of vWire III,
The wire had been heat-conditioned and was giving off very
small "fisld-currents” considering the megnitude of the
voltages applied, znd there was only slight traces of lumi-
nosity. The next small incresase of voltage (see Teble IX, ©».,50)
produced a thousandfold increase in current. Two luminous
spots had sprung into existence. They furnished practically
zll the "fleld=-current" which was rather unsteady. These spots
were fixed in position, but very changeable in intensily,
The luninosity slowly decreased with continuous operation

and the current settled into & more or less steady state.
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The "Critical” Gradients and the "Figld-currents" are

Completely Independent of Temperature Between 300°K and 1000°K,

7

Only data for the temperaturs of 9000 ¥ will be recorded,
although the effect of lower temperatures was investigated,
Wires I and II were studied for this effect; the different
"eritical” gradients for the same wire are due to the previous
conditioning process. The resulits are recorded in Tableg AVII
and XVIII,

Table XVII,

"Critical®™ Gradient

wire 300°K 3000k *
I 0.415x10%V/em. - 0.408x106V/cu,
0.409 0.410
0,417 0.408
0,417 0.410
0.413 0.410
0.413
1 0.670 0.672
0.672 0.670
0.670 0.655
0.655
11 0.730 0.730
0.741 0.736
0.741 0.741
0.741
:

1. The potent%%l gradient needed to produce a "field-current”
of 9,7x10 ~* amperes.



Table XVIII,

Poten- Poten- "Field-current"

Wire +ial dif- tial gra-  900°K 300°K 9009  300°K
ference dient

IT 1730 V. 0.39:x1067/cm. 9.7x10  £. 9.7416"4. 9.7¢10 £.9.7x10 A,
2500 0.57 9.0x107%  9.0x10°  9.0x1077 9,0x10
3000 0.68 1.9%107¢ 1.8¢10 1.8210° 1.8x10°
2500 0.80 6.0x107¢ 6.0x10°¢ 5.7x107° 5.7x107¢
4000 0.91 4,4x107% 3,910 4.,2x107% 4.,1x10°°
4550 1.04 2.4x107Y 2.3x107%  2.3x107% 2.3x10°¢
4000 0,93 4.2310°7 A .2%x107%  4.4x007% 4.,4%1079
3500 0.60 7.0x107¢ 7.1x10°  7.2x10% 7.2x107¢
3000 0.68 6,9x1077 6.3x10-7  7,2:107 6.9x10-7
2500 0.57 2.0x1077 3.6x10%  3.0<104 3,0x1077
1810 0.41 9.,7x107'Y 9.7x10™"™ 9,7zx1C07" ¢,7x10*

I 8450 1,92 9,0x10" 9,0x1077

The "Critical® Gradients and "Field-currents" with

(The wire is a just-vigible=-red color.)

The extent of the lowering of the "criticael” gredient vith this
temperature depends on the magnitude of the "eritical® gradient
at room temperature, zero effect being observed for very low
gredients end a large effect for higher gradients, Table XIX; the
magnitudes of the "eriticel™ gradients at rcowm temperature, of
course, being the result cf past btreatment of the surfsce., At
1100°K the "ficld-currents" are not only larger for feeble
currents, but for currents of the order of = tsuth of =

millismpere, Table XX,



Table XIX.

"Critical? Gradiecnt
Wire .OOK 1100° X
I 0.212x10% V/em  0.212:220° V/en
0.212 0.212
0.214 0.213
0,216 0.214
0.215
0.317 310
0,317 310
0.315
0,450 0.358
0.456 0.360
0.458 0.364
0.800 0.560
0.800 0.561
0.792 0.560
I 0.402 0,315
0.402 0.319
0.399 0.322
0.400 0.335
0.399 0.335
0.399
Teble XX,
Foten- Poten=~ "fileld-current®
VWire tial dif- tial gre- 300°% 1100°K 300°K
ference ¢ient
I 2600 Yolts Oq59KlO6V/Cﬂ l.led‘?amp. l.5x16ﬁamp. 1.5*10-%
3050 0.70 1.2x1077 1.4x107 1.2x1077
3500 0.80 6.,0x107 7.,5x1077 6.0x1077
4000 0.91 £.5%10°° 5,4x10 6 4.,4x107¢
4400 1.00 2.1x207% 2.4x10™ 2.1x107%
4750 1,08 5.4%x10°% 5.9x107 5.4x1078
5000 1,14 1.0:107¥ 1.1x1.07¢ 1.0x107¥¢
4800 1.09 6.3x107F 6.9x107% 6.0x107
4200 0.96 1.3;105” 1.5%x207 1.9x107%
3750 0.85 2.1x10 2.7x107¢ 2.,1x107
3200 0.73 2,4x1077 3.6x1077 2.4x107
3000 0.68 9,0x10°7 1.5x107 1.0x107
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farther into the molecular or crystalline

@
=
o

renetrates farthsr

nterslices of the surface, thus catching more and more ¢f the

e

free electrons vhich now come up into this region by virtue of
the added kinetic energy associated with this temperature
(1100°K). This would zccount for the zppesrance at 1100° K of
an increase of the "fleld-current” for the large as well as the

small values of current.



DISCUSSICKN CF RESULTS.
The "field-current” is certainly produced by intense
electrical fields at the surface of the metal, The assumption
that positive gaseous ions strike againest the surface with

sufficient energy to free the necessary electron cerriers for
the "field-current” does not seem tenzble for the following
reasons, First the vacuum is of the order of 1076 um. of
nercury and less, hence only & very few ions could be preseunt.
Second, there is no visible radiation from the wire. Third,
the current is found to be a function of the notential gradient
and not the potentizl difference (see Table II), Fourth, the
"field-current" comes from very small regions of the wire and
nerdly see why the ions, which would have gained the
greatest part of their energy and velocity by the time they

he immediete nelghborhood of the surface, could in

the remaining very short distance be deflected to particuler

4 ®

.ons, This view, of course, is based on the essumption

=
[N

eg
that the field between the cylinder end wire is exactly the
seme, up to the immediate neighborhood of the surfazce, as if

the wire had @ perfectly smooth and cylindricel surface, and

65



that within a2 distence of say one fiftieth of the diameter
¢f the wire the field is distorted due to microscopic and
ultra-microscopic irregularitics, Fifth, it has been shownl
that nosltlve ions impinging upon a c&thode with volocities
corresponding to a fall through a potential difference of

up to 2000 volts (possibly larger volitages), are unable to
liberate electrons from the surface of a cathode. In view of
the feact thet for certain cases (Teble VI) currents es large

es 1077 amperes were cbtained with differences of potential

less than 2000 volts, one seems perfecily justified in

4

concluding that the electrons are not helped out of the metal by

the action of positive lons,

Furthernore, it is not likely that any considerable
portion of the electrons which make up the "field-currents"
ere photo-electrons, because, if one cssumss that the large
increase of current is caused by the radistion emitted from
the cylinder, it is difficult to understand how the light
can ect so differently on different parts of the wire surfeacs,
especisally in view of the fact that even when the wire is

freed of impuritics by intense heating, the wire still emits

1. S. Ratner, Phil, ¥mg. Vol. 40, p. 785, Dec. 1920



elsctirons from only a few spots. It seems proper, therefore,
to conclude that the electric force itself pullis the electirons
out of the surface of the metal,

if cone assumes that at ordinary temperatures free

electr

@]

ns move about in a conductor in every direction, then

one of the reasons why an eleciron does not escape from the

metal 1s that ss soon as il leaves the metal gurface there is an
electrostatic attraction between the elecfron and the metal equal
to 92/4r2, where e is the charge on the electron and r is the
distance of the electron from the surface of the metal. One
assumes that at ordinary temperatures the kinetic energy of

the electrons is not sufficient to allow them to move

against this force, but that with incressing temperature the

kinetic energy may become such that some of the fast-moving

pavy

electrons can sscape, An application of a strong outside

e

Tield would tend to sither annul or augment the action of the
metal on the electron, depending upon the polarity cof the

applied potential. Hence by the proper application of a very

ey

strong field one might exvect to free clecirons from a meital,
W. Schottky), using much this method of attack,
divides the distance from an ideally smooth surfsce into two
parts; first, the "Bildkraftsphire” (2 --4x10~7 cm from the
surface to the distance of 104 em from the surface) in

s im e e e

"1, ¥, Schottky, 28 f. Phys. Vol. 14, p. 63, Harch 1923.
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which region he assumes that the method of images may be used

to caleculate the force on the electron, The other region, the

"Hahewirkungssphiire™, {takes in the distances from the surface

of from 2--4x1077 cm to O cm., He nostulates thet within a
criticel distance Xy the electric force on an sleciron may be

o i) ) 2
congidered constant znd of a vaslue equal to ed/ixgg and outside

this distance he cssumss the force as calculated by the method

. v . 2 2]
of images to hold, viz., a2/4;“. Thus the work necessary to

carry the electron from the surfezce to the distance xo is

2

8 /4xo, and the work necessary to carry the electron from
L

o w
%, to infinity is - / e?/4x% dx = e"/ax,. Hence the total
X,

work becomés, e‘/Zx wxpresged in equivalent volis this is

0"

X

hav}

-2 /
W = 3CCe .
I = 300e , o
Taking the gleciren affinity of tungsten as 4,5 volts, xg can
> _1
be czleulated and ig found to be 1.6 x 1078 cm,
According to these zssumptions, the maximum force

which the electron expveriences in leaving the metal is,

) a¢ T 3 .

B = 300e/8e¢” = 1.4 x 10° Volt/em.
As the next step in the argument, Scholiky considers the
effect of an outside field on this "inside" field and suggests
that the former, if properly directed, will cause a decrease of
the work necegsiry to free an electron from the metal, He
calculates that an outside field of one million volls per

centimeter will peneirzte into the inner part of the
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"Bildkraftsphéire”, a distance of 2.1 ;-:10-7 em from the sur-
face, and will decreecse the electron affinity approximately 1/3
of & volt.

Considering ultra-microscopic irregularities on the
metal surfece, he finds thet the clectric force wmay be ten
times greatsr st one of these "molscular” projections than at
the ideal surface. Hence the formulas used to calculate the
electric force from the geometricel shape and dimensions of
the elecirodes wili give values only 1/10 as great as ectually
exist at certain small regions on the surface. Taking this
into account ha finds thet the maximun externsl force, s
calculated by geometrical methods, needed to overcome the
meximun force which an electron experiences ss it moves from
tungsten is 107 volt/cm.

If this grudient is reached, then the elsciron
current should be independent of temperature. BSince the
gradients used by Lilienfeld were of the order of 107 volt/cm,
and the currents found to be independent of temperature,
Schottky interprets these results @s being in agreement with
his theory. The'reason for Hoffman getting currents from
Pletinum et 7.6 x 106 V/em he explains as being due to the
smallness of the currents used; thet is, only the electrons
vith the very highest speeds produced the current, they being

able to get out with only a partisl penetrution of the externsl
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field, The almost instantaneous rise of current observed

-

by Lilienfeld when the criticzl voltage wes reached, which,
of course, is rot in agreement with the theory gilven above,
is interpreted by Schottky as being due to the presence of
positive lons whiceh neutralize space charges. He also
interprets the X-rays =t the cathode observed by Lilienfeld
as being due to the striking of electrons into a bank of
positive ions which surrounds the active cathode surface,

If we interpret the "fisld-currents" observed in this
investigation as being due to the free clectrons which, because
of the decrecse of the slectron affinity ccused by the
penetration of the field, are able to cscape from the metal
surface, then it is difficult to undersiand why the "field-
currents" show no chenge with temperatures ¢s high as 900° K,
but begin to show these effects =t 1100°K. Had the temperc-
ture effect at the higher temperatures not eppesred, one might
have concluded offhand thaet the maximum gradient &L, had been
reached, meking it possible for the conduetion electrons to
come out of the metal independent of temperature; yet since
according to Schottky B, has & velue of ten million volts per

centimeter this conclusion would have been incorrect because

all the grudients used were of the order of one million volis
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ver centimeter and less. One is not justified, therefore, in
the conclusion that the "field-current” elecirons are the conduc-
tion electrons which beccuse of their kinetic energy and because
of the penétration of the field are able to escape from the sur-
face of the metal. Hence & mechanism of slectron extraction
different from that set up by Schottky nust be built.

The most plausible interopretation of the resulis is
to postulate that the slectrons which are pullsd out of the
metal surface are not the free electrons--conduction electrons--
but are the lcosely-bound electrons of the outermost ztoms.
It is supposed that when the field in the neighborhood of a
surface atom becomes strong enough to pull out zn electron,
a new electron comes from the inner part of the metal, pre-
sumably a conduction electron, and takes its place. Thus so
long as the field remains sufficiently great, a continuous
stream of electrons from the interior of the metal will pass
out by way of this propitious exit. This type of "field-

current"

would be independent of temperature for temperatures
up to the point where thermlons begin to appear, Thus one

of the most importent fects of this investigation is satis-

fied by this explanation, (Table XVIII).
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Now according to this postulate, the ineresse of

L1

the "field-curremt”™ at & temperature of 1100° K (Table XIX)
is due to a few conduction electrong which, because of the
added kinstic energy associzted with this tempersture, are
now able to come into the region where the strong electric
field exists, and then be pulled out of the influence of the
metal by it., At this {emperature, then, the major portion of

Lo

the "field=-current" comes out of the metal through the agency

of the loosely-bound aton electrons, the remeining small por-

tion, that part which is added because of the increased temper-

ature, comes directly from the body of conduction electrons,
sumebly the reason that the small porition of the current--
that due to the temperature effect--does not remein constant
at this temperature and become negligible as the larger
portion incrsezses to currents of the order of willi-amperes,
(Table ¥X), is that the increasing magnitude of the field
enables it to penetrate farther and farther into the mole-
cular znd crystalline interstices of the surface =nd thus to
get hold of more and more of the conduction electrens which,
because of the kinetic energy zssociated with the particular
temperature, are now able to come into the interstices of the
surface, The small portlon mentioned above, may become the
greater portion of the "field-current" at sufficiently high

temperatures,

Pre-
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By applying the method of images Debyey has shown

that it is easier for an electron to escape from & sharv point

than from a flat surface, He shows {that if the radius of

3

curvature r of the surface is so large that X, , a distance

from the surface, is smell compared with it, +then the work

necessery to move an electron from x, %o infinity is given

by the relation,

3/ 27
w oz e“/dx, - e"/8r .

This shows that the work of escape of an slectron from a
curved surface of radius r is less than that from a plene
surface by an amount eg/Br. Hence it follows that if a
surfece is irregular there will be contact differences of
potential between the protrusions and the interstices,
If we consider & protrusion znd an interstice as being
adjacent and each hav1ng a redius of curvature of 10 -6 cm,
then the electrostatic force tending to drive an electron
from the hill to the hollow will be of the order of several
thousand volts per centimeterz.
A similar effect can be expected when an impurity
of different electron affinity is on the surfzce of the
metal. If the impurity has a lower electron affinity than

the surface itself, then the impurity will act like a pro-

trusion on the surface. From this it follows that under

- oo

1. P, Debye, Ann. d. Phys., Vol. 33, pn. 441, 1910,

iy

2. Van DerBijl, Thermoionic Vacuum Tube, p. 37.
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the influence of a strong external field a proper type of
impurity located on a surfece, znd especially that located on
a protrusion of the surface, may become a veritable slectironic
"voleazno”, hurling forth electrons which were beneath the
surface.

Since protrusions of different shapes and sizes will
act differently, and since en impurity on a surface may not
cover &1l the protrusions, it is clezr that on z wire of the
length used in these experiments, only & very few regions will
be in a condition to respond to the lower gradients, With in-
crease in voltage will come an increase in the current from
these same regions, and new regions will begin to respond
because the increzsed gradient is now zble to pull elecirons
from more difficult spots. This picture accounts for the large
increazse in "field-current" with potential gradient.

The "field-current-conditioning"” process may be
interpreted in ferms of this picture zs being due to the
foreing of a few moleculss of impurity from the tips of certain
protrusions by the outrush of the great clectron streanms
through these portions of the surface. This surface condi-
tion remains constunt so long as the conditioning current
density is not exceeded,  The deta of Tables X and X1 furnish
a further justification for the idea that a fow molecules of

impurity are forced away from the tips of certain protrusions
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for these dats show that heating the wire below 1200° K gives
the current-conditioned surface a lower "critical" gradient;
and this may be interpreted as msaning that at these tempera-
turee the impurity does not evaporete, but does change ebout
on the surface, covering over that part of the protrusion which
was conditioned.

The fatiguing effect shown by the wire which had
been conditioned by extreme heat trestment may be interpreted
as meaning that a very few tungsten molecules on the outermost
part of the protrusions (for now presumably all the impurity
has been evaporated off) are removed when the current is large
and the gradient is very high. Thus the fatiguing effect shows
up for the smaller gradients when the very end parts of ihe
protrusions are needed. ©Since the fatiguing effect recovers
with time, the rearrangement or loss of the molecules of
the protrusion tip is not permanent, =and presumably the
protrusion is built up agein by one or two new molecules,

Two types of impurity secem to be on the wire,
First, sn impurity which moves about on the surface zt 1100° K
(Table XI) and vhich eveporates from the surface at a temperature
neer 1500°K (Tebles AIII, XIV), Second, an impurity which
appears on the surface 2t ebout 2000° and disappears st = temper-

ature of about 2500° K, (Tebles XII, XIII, XIV),
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This second impurity is no doubt thorium for
according to Langmuir; if a thoriated filament is heated for
a short time at 1900° X, thorium diffuses from the inside of
the filament to the surface and gradually completely covers
it with é layer of thorium. On the other hand, if the filament
is heated for a few minutes at 2800 or 29000K, 2ll the thor-
ium distills off the filament leaving a surfece of pure
tungsten, If, however, the thorium is distilled from the
filements at a lower temperature or for a shorter time
it is possible to leave the surface so it is partly covered
with thorium and partly covered with tungsten. Insufficient
investigation makes it impossible at this time to identify the
first impurity, but, if the theory here given be correct, it
must be an impurity with low eleetron affinity.

It seems casy to expledin the reason for the
differences in the values of the "ecritical” gradient for
intense-heat -trezated tungsten wires =nd points. Under the
heat treztment the tungsten crystallizes into crystals having
an aversge diasmeter of about .0003 ém. As viewed through the
high-powered microscope interstices between the crystals
are seen; in fact the heat~tre:uted wire seems to be more un-
even than the untreated. To get two wires with just the same

number of high spots of the same size, etc., would be a

1, Langmuir-Arnold Interference, p. 57; Langmuir, Physicsl Review,
Vol, 22, p. 357, October, 1923,
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difficult task. This no doubt explains why with the same
heat treatment the "eriticzl" gradients for the wires differ
as much as from 10 to 15 per cent., Also, in view of the

fact that, because of a much larger surface, the chances for
getting &n "easy" spot on a wire is greater than that for

the end of a2 point, it seems reasonable thet the maximum
"eritical"” gradients found for the wires were never quite

ags large as those found using points and plzne, Even though
different potentizl gradients were found for the three metals
studied in the point =znd plane experiment, we are not justi-
fied in saying that these gradients are characteristic of the
metals, because even for the same metal--gharp and dull
tungsten points--the gradients were different, How much the
differences found for the metals are due to the metals
themselves znd how much due to the nature of the surfaces

is unknown.

It becomes very difficult tc say what is the
standard experimental condition to use in determining the
characteristic gradient of a metal, if perchunce such exist.
Bven. if a surface be free from impurity, it contains irregu-
larities whichrever can be duplicated exactly, znd these

irregularities determine the numerical value of the gradient.
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All experimenters have obtained "critiezl" gradients
of the same order of magnitude, but none have agreed on the
numerical values of these gradients., In view of what has been
said this‘is not surprising. If a correct technique of surface
conditioning can be found and then agreed upon there will be
some hépe of finding whether the metals have characteristic
"eritical" gradients. It is hoped that this investigation

has dene its bit in establishing such a technique.



SUMMARY

The results of this investigction may be summarized
as follows:

i. Electrons may be pulled out of cold metals by
intense electrical fields.

2. It appears (p. 29) that positively charged metal
atoms may be pulled from a metal surface by a properly directed
glectric figld of intensity somewhat grester than tﬁat required
for pulling out electrons,

3. The gradient needed to pull electrons out of a
metal is controlled by the surface irregularitics and especizlly
by the surface impurities.

4. The metal surfece may be conditioned by heat treat-
ment end by drawing large currents from the surfezce. The "eritical®
potential gradient may be increased fourfold by heat treatment,
and twofold by the "field-current"” conditioning process.

5. The "field-current"” for'an unconditioned tungsten
surface begins to set in at about 200,000 volts ner centimeter
and rises over ten millionfold as the potential gradient is

inereased to one million volts per centimeter. The surface is

79
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conditioned by this run and thereafter, if the maximum current
does not exceed the maximum conditioning current, the "field-
current” will set in at about 400,000 volts per centimeter and
rise over ten millionfold, approximately reversibly, as the
gradient ié increased to one million volis per centimeter
(Figure 9).

6. The rate of increase of the "field-curreni" with
the potential gradient is large when the "eritical" gradient is
small and vice versa.

7. Large currents drawn from surfaces subjected to
intense heat treatment show fatiguing effects which recover
with tims,

8. The "field-current" in general has its origin in a
very few minute surface spots which presumably locate surface
impurities, or surface protrusions, or both.

9. The "field-current™ is completely independent of
temperature between 300° K and 1000° K,

10. The "field-current” is slightly greaster at 1100° X
than at 300° K, |

11. The assumption that the "field-current” is made up of
condugtion electrons, which are able to leave the metal beca#se
of their kinetic energy and the decrease. by the external fisld
of the work needed to free them from the surface, is not {tenable

in view of ths results of this investigstion.



12, Based on the results of this investigation, a new

postulate is set up, viz,, that the loosely-bound electrons

of the outermost atoms--atoms of impurity of lower electiron
affinity, or atoms on the tips of protrusions--are pulled

away frombthe atoms by the strong external field and are
replaced by new electrons, probably conduction electrons from
the interior of the metal, This postulate accounts for the
temperature effects (9) and (10) because under this assumption

"

all the "field-current" comes from the loosely-~bound slectrons
and is independent of temperature until a sufficiently high
temperature is reached when an added current comes directly
from the body of the conduction electrons. At this tempersture
it is supposed that the conduction electrons have sufficient
kinetic energy to enable a few of them to come up into the
surface interstices where the external field is sufficiently
strong to drag them out (see pages 64 and 72). The postulate
alsc explains the large increase of "field-current" with
potential gradient, the current conditioning process, the
fatiguing effect shown by surfaces which have been subjected
to intense heat treatment, the feact that the "field-curren "7
has ite origin in a few minute surface spots; it enables one
to interpret the effects of heat ireatment as being due to

the movement over and the evaporation from the surface of
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impurities of low electron affinity; and it expleins clearly
why the "eritical” gradients found for intense heat-treated
tungsten surfaces (presumably clean surfaces) can be
different.

13. Because of the control which surface conditlons
have upon "critical" gradients, it seems unlikely that any of
the reshlts go far given by investigators can be taken as the
true characteristic "critical™ grédients of the metals, if
perchance such characteristic gradients exist.
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