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Summary .
1. Interpretation of the threshold frequency.

A discussion is glven of the conclusiai, reached by
Millikan, that In the photo-electric effect the energy of
the light 18 transferred to the free electrons of the metal
as well as to the bound slectrons, and the threshold fre-
quency VY, is interpreted by the équation hy,= cg,-Ek , where
#%,is the work necessary te remove a free electron from the
metal, and E_ the average kinetlc energy of a free electron
in the metal. In cases where E, 18 not small compared with
¢, the theory leads to a lack of sharpness in the definition
of 1. The obssrved uniformity of stepping potentlals is due,
according to the theory, te the smallness of the Peltier
effect. '

2, Temperature varlatlon of the long wave-length limit,

From Millikan's free electron theory and Richardsen's
thermodynamical theory of electron emission the following
expression 1s derived for the varlatjioen of the long wave-
length limit with temperature: §$?=f%ec' , 6 belng the Thon-
son coefficient. In most cases ) should be practically
independent of temperature.

3. Effect of prolonged heating on the phete-slectric
current from aluminum for 2537 A.

4 solld target was heated in vacuum by high frequency
inductlon for many hours to near the melting point, but the
photo-electric current remalned atrong.

4, Varlatlion with temperature of the photo-electric
current from aluminum fer 2537 A.

- After prolonged heating, the current was found to remain
constant within 1/2 per cent as the target cooled from 400
to 100 C. This censtancy is interpreted as fairly cenclusive
evlidence that the shift of the long wave-length limit with
change of temperature 1s less than 1 A. The 1limit was found
to be at about 2700 A.

Similar observations with a nickel target and 2412 A
gave inconclusive resultis as in spite of heating te 1300 C
and reductlion ef the oxide on the surface by heating in
hydrogen, reproducible results were not obtained.



(1)

Introduction.

The influence of temperature upon the photo-electric
effect has been studied by a number of investigatorsi, all
with negative results. The photo-effect was found independent
of temperature within the experimental errors. In the earlier
investigations moﬁochromatic light was not used, and the
errors of observation were large. Kopplus recently determined
the long wave-length limit of platinum, and found it independ-
ent of temperature to less than 1 A for the range 50 to 500 C.

Other experimentsz

, however, have shown that the apparent
long wave-iength 1limit of platinum 1s gradually decreased as
the.surface is being denuded of occluded gases by prolonged
heating at higher and higher temperatures, The question as to
whether or not the photo-electric sénsitivity is an intrinsic
and invariable property of metals has thus been ralsed again,
In the present investigation the variation of the
long wave-length 1limit to be expected from a theoretical
standpoint 1is discussed, and an attempt has been made to

determine the temperature variation upon surfaces freed from

gases as well as possible by heating in vacuum.
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1, Interpretation of the long wave-length limit,

In 1021 Milliken® found that the "stopping potential®
i.e. the pétential that must be applied in order to prevent
the photo-eiectrons-from reaching the receiver, i1s quite
accurately the same for different emitting metals, provided
the same recelver is used. From earlier experiments by Her-

mann +

a similar inference may be drawn, This peculiar fact
led Millikan to the conclusion that the electrons which

escape from a metal with the maximum velocity under the

~influence of light are the free electrons of the metel. On

account of the great importance of this result for the inter-
pretation of the photo-electric phenomena a brief discussion
of it will be given. It wili be shown that 4t furnishes an
interpretation of the long wave-length limit andrleads to
definite conclusiong as to the temperature variation,

' It 15 immaterial for the analysis here given whether
we assume that the light energy is transferred directly to
the free electrons of the metal or indirectly, as suggested
by Epstein, through collisions of the second k}nd. Millikan's
conclusion 1s that the light energy hy 1is transferred |
undiminished to electrons which are in the same state as
those emitted as thermo-electrons. Very little is known about
the conditions of the free electrons. We shall, therefore,

make no special assumptions but use only two equations,
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derived by O, W. Richardson® from purely thermodynamical

tﬁough not quite rigorous considerations. These equations

are :
%% =24 - eq (1)

. ¢',-¢"=QV“6T§¥ (2)

where gb i1s the increase of energy which accompanies the

transferencg of an‘electrcn from the.lnterior of a metal

to a point outside, ¢ and ¢'being the values for two differ-

ent metals; T denotes the absoclute temperature, k Boltzmann's

constant, e the charge of an electron, G the coefficient

of the Thomson effect, and V the contact difference of pot-

ential between the two metals, The term eT?%. may also be

written eP, P being the Peltier coefficient. The terms eG

14
T

in the equations., As Bohr6 has pointed out, P and G are

and eT are, in general, small compared with the other terms
not identical with the coefficients found by experiments,

but tﬁis fact is of little importance for the present
considerations,

The values found for the specific heats of metals
and for the Thomson coefficients indicate that the average
kinetic energy of the free electrons within the metal 1s, in
general, much smaller than the equipartition value 3/2 kT.

We will, therefore, disregard the fact that the kinetic

renergy is not the same for all the free elsctrons, We will
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denote by EP the potential energy of a free electron, and
by E its average kinetic energy within the metal, and will
place ¢”=4}+41’ whgre 9@ is the gain in potential energy,
-and 4} the:gain in kinetic energy accompanying the trans-
ference of a free electron from the metal to the surrounding
electron atmosphere., If the heat energy of the electren atmo-
sphere be assumed to equal that of a moatomic gas, we have

4;< = 3/2 kT - E,.

We are now prepared toc give an interpretation of the
term hy 1in the expressicn for the maximum kinetic energy of
the photo-electrons, which was predicted by Einstein and
verified by Millikan, viz,

(’\{S- Ve )Jé= hy - hy , : (3)
where V; denotes the stopping potential, and Vz the contact
difference of potential between emittor and receiver, If,
following Einstein, we assume that. the energy hy of a light
quantum is transformed to kinetic energy of a single electron,
.then the largest possible value of the kinetic energy of a
photo-electron escaping from the metal must be Ek+-hv - 4% .
The frequency Y for which this is zero 1s the thraéhold
frequency, and we have

hy = ¢~ E. (4)

Instead of using this expression for hy Millikan3,
placing hy = 4>, used a value which is 3/2 kT larger, This,

however, did not influence his result because the value of



(5)

hy, for one metal was subtracted from that for another,
Substituting for hy 1in (3), and subtracting the
equations for two different metals, we get
-(Vs'- V')e + Ve =<j>P'-— 4;”- E‘:+ E;(',
where V = qf- V.1s the contact difference cf potential
between the two metals., Now substituting the value for Ve
obtained from (2), and remembering that‘ga+5k= 3/2 kT, we

simplify the equation to

- - )+ 1 =0, (5)
The last term in (5), from the values of the measured
Peltier coefficients, is of the order of magnitude of 10-3to
10 ®volts. Millikan's conclusion that the light energy is
trénsferred to the free electrons of the metal leads, there-
fore, to a simple explanation of the independence of the

stopping potential upon the nature of the emittor. From (5),

however, it will be seen that accurate measurements of stop-

ping potentials should reveal slight differences approximate-
ly equal to the Peltier coefficients, expressed in volts. It

would be of great importance for the thepory if determinations
oftidtopping potentials could be made so accurately as to
allow a test of (5). |

The expression (4) for hy 1s valid only when the
differences in the kinetic energies of the free electrons
may be disregarded. It will, therefore, not hold at high

temperatures. Under such conditions, according to the free
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eleétron theory, aﬁ apprecisble lack of sharpness in the
defirition of the threshold frequency and the(stOpping pot-
ential should occur.

It seems impossible to explain the equality of stop-
ping potentials for different metals by any other simple
theory of the photo-electric effect. The assumption that the
light energy is transferred to electrons bound in the atoms
would imply, as shown by reasoning similar to that given abow
that the electrons bound in atoms of different metals possess.
the same energy. This is at varilance with all we know about
atomic structure, The assumption that the uniformity of
stopping potentials is due to a uniform gas layer on all
metals would lead alsc to a uniform threshold wave-length
and to a uniform photo-electric sensitiveness, due corrections
being made for differences in reflecting power, This is not
in accord with observations.

The hypothesls that light energy can be transferred
entirely to a free electron may seem rather strange at a
first glance. It may, therefore, be worth while to note that
it may be arrived at by a natural generalization of the ideas
by which the continuous absorption spectrum of hydrogen or |
sodium 1s explained, It is assumed that when light of shorter
wave=-lengtih than the limit of the absorption serles is absorb-
ed, the electron is knocked out with a kinetic energy equal
to the difference between hy and the work necessary for 1on-

ization., But if this absorption process may take place however
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loosely the electron be bnnnd; it should also occur in the

1imiting case of the electron beling free.

2. Temperature variation of the long wave-length
limit.
The influence of a change in temperature upon the

threshold frequency ) may be found immediately from the

theory discussed above. Since 4) =4;+ 2/2 kT - Ek’ the
equation (1) may be written
2 —~ = - ecG
aT(CPﬁ Ek)
but $. - E = hy,, hence
2hy) . e (6)
oT
or
2
a/\o —_ .A.".eG"
‘;'=Ao being the long wave-length limit.
(-]

The temperature variation of the threshoid frequency

or the long wave-lengih 1imit is thus proportional ito the

Thomson coefficlent, Since the Thomson effect is always very
small, the long wave-length limit should be practically
independent of temperature. For aluminum Borelius and Gunne-

son’ have found G = - 0,56 microvolts rer degree at 400°K,

DA
>T

-4
3,3 x10 A per degree, 1,e, a shift in long wave-length limit

while A = 2700 A. Substituting these values we get

of 1/10 A for a change in temperature cf 300 degrees. For
all the metals for which both G and A_are measured (6 a)

gives so smull values for the temperature variation that,
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with the accuracy with,which photo-electric measurements
are now being carried out, it should not be possible to
detect the variation. For the alkali metals, however, a
. measurable variation may be expected since G 1s large, as
indicated by the values found for the specific heats, and
since .)o is also large. |

In the preceding only the long wave-length 1limit
has been consldered., No satisfactory theory hags yet been
given for the velocity distribution nor for the magnitude
of the phqto-electric saturation current. The reason for thsés
" 1s partly the lack of a satisfactory substitute for the old
electron theory cf metals and partly the lack of reliable
photo-electric data. We shall, therefore, not éttempt to
treat theoretically the effect of temperature upon the photo-

electric current.
3. Experimental method and apparatus,

A variation of the long wave-length limit has been
searched for by observing the photo-electric saturation
current at different temperatures of the emitting metal,

- using a wave-length just below the long wave-length limit,
Actual measurements would require observations with differ-
ent wave-lengths., If photo-currents are found to be constant,
it may be reasonably inferred that the long wave-length

1imit is independent of temperature.
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Photo~electric targets of aluminum and nickel were
heated 1in vacuum by high ffequency Induction. Two Western
Electric 212-A tubes, in parallel, served as generators of
the high frequency currents which were sent through the
primary coil of thick copper tubing surrounding the photo-
electric tube. The targets were £0lid cylinders of diameter
1,9 cm and length 2.0 or 1.2 em. During the slow cooling of
the target the saturation current was measured by the ald
of a quadrant electrometer connected to the cylindrical
recelver which partly enclosed the target.

Fig. 1 shows the two types of photo-electric tubes
used. Both were made of Pyrex glass. A quartz window was
cemented on with a high temperature cement. The temperature
of the seal was kept below 100°¢ by water cooling. In tube
A, with which most of the experiments with aluminum were
made, the target)was fixed with respect tc the receiver.
When the target was heated the receiver would also be heated.
In order to prevent the recelver, which wax made of copper,
from melting the heating of the target had to be applied
intermittently, so as to let the thin copper cylinder cool
for a short time hetween consecutive heatings., In tube B,
which was used for nickel, the target was heated outside the
recelver, which was alsoc made of nickel, and then lifted up
into the receiver by a simple magnetic device. The light
reached tﬁe target through a slit in the top of the recelver.

Both tubes had, to begin with, thermo-couples for measuring
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the temperature of the target. These, however, soon got out
of ofder. In one case the junction moved out of the target

at the first heating to the melting point; in another case

a discharge took place from the coil outside the tube to the
thermo-couple wire inside. Enough data were obtained, however,
to permit an estimate of the temperature during the cooling.
The only temperature used for the calibration of the thermo-
couples was the melting point of aluﬁinum. -

The tubes could not be used very long or the glass
would be heated to the softening point by radiation from the
target and by currents in the layer of metal deposited on
the glass wall by evaporation of the target.

A 220 volts quartz mercury lamp and a Hilger mono-
chromatic illuminator were used for illumination. The lamp
was enclosed in an asbestos box and run at a constant high-
voltage, the voltage drop in the arc alone being about 120
volts. By means of a large quartz lens an image of the arec,
of nearly natural size, was formed on 6ne slit of the 1llum-
inator and adjusted so that the middle coverdd the slit,

The 1light then just filled the collimator lens. Under these
clrcumstances the variations in the intensity of the 1l1lum-
ination were feund to be practically negligible. The photo-
electric tube was set up vertically so that the quartz win-
dow was only 2 few mm from the other slit of the illuminator,

the slit in the recelver being large enough to let the
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slightly divergent light toc pass to the target. The pressure
in the tube was in most cases so low that no reading could
be obtained by a McLeod gauge even when the target was

heated.
4, The cleaning up of the aluminum surface by heating,

‘w1th alumimum the photo-vurrents were so large that
they could be measueed by the conegtant deflection obtained
when the iwo pairs of quadrants were shunted with a large
resistance consisting of a line of ink on a strip of paper.
The sensitiveness of the electrometer was about 1500 Im per
volt at a scale distance of 1 m, In almost all the experi-
ments with aluminum the line 2537 A was used.

Heating of the target was found to have a great effect
upon the photo-electric current. When aluminum has been ex-
posed to air, or when it has been kept for a long time in a
vacuum without belng heated, tﬁe photo-current is small, A
short heéting, however, will produce a conslderable increase
in the current; and as the heating is continued, and the
temperature raised, the photo-current will reach a maximum,
decrease, and then increase again until a value of 5 or 10
times the original is reached. Further heating to a temp-
erature close enough to the melting point produces a decreasé
in the current. When the aluminum had been heated for a long

time, and the melting point had been reached several times
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during the Intermittient heating, the photo-current had attain-
ed a value of about one third of the highest value observed,
and continued heating produced no furbber change of the
pheto-current. In one case the following values of the currert
for 2537 A were obtained during the process of cleaning up,
the target being heated several times between consecutive
values:

6.4, 25.8, 24,0, 18,9, 20.8, 27,7, 43.0, 45,5, 18,5, 17,5,

The effect ofthe cleaning up by heating upon the
photo-current from aluminum is of the same general character
as that found for platinum by other observersz. The fact
that the photo-current remains strong after prolonged heating
at the melting point 1s an evidence against a fundamental
dependence of the photo-effect upon surface impurities.
Obvieusly, the heating has not produced a complete cleaning
up of the aluminum surface. Close to the melting point, how-
ever, a breaking up of the surface occurs, so that it becomes
granular. Whether the currents are due mostly to aluminum
or to the oxide is unknown.

The following observations may be of interest in the
difficult problem of determining the nature of the surface
impurities. When the photo-current wag observed for a suffi-
ciently long time after the heating an increase in the current
was always observed.'However, if the liquid air were removed

from the charcoal tube between the photo-electric tube and
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the pumps,'leaving liquid air only on a trap closer te the
pumps, a considerable decrease in the current would immediate-
1y set in, amounting to about 30 per cent of the initial

value In two minutes and to 40 per cent in ten minutes,
5, Temperature varlation with aluminum,

As long as the aluminum was not sufficiently cleaned
up by heating a considerable variation of the photo-electric
current was observed during the cooling. In all cases the
photo-current was found to decrease at first, The current'
would generally decrease and then become almost constant; in
some cases, however, an increase followed the decrease. A
typical example is given in Fig. 2 Curve 1, the photo-currest
being plotted against time of cooling.The first readings were
taken two or three minutes after the thermionic current had
become negligible, the temperature then being about 400°c.

By the time the photo-current had become constant the temp-
erature was about 150°C. The constancy of the current during
the last part of the ccoling is remarkable, This may be bettap
seen frém’Table I which gives all the readings taken during
twenty minutes. The smallness of the variations gives an idea
both of the constancy of the light intensity and of the
accuracy with which the photo-currents could be measured.

That the decrease observed in the beginning is not

due s=imply to a dependence of the photo-current upon tempera-
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Table I.
Phoeto-~current Time
(2537 A)
28,20 (cm) 120 min
28,18 121
28,15 122
28,14 123
28,11 124
28,13 125
28.12 126
28.15 127
28,15 128
28,14 129
Table II.
Time Pheto-current
(2537 A)
0 min 17.2 (cm)
10 17.3
20 17.35
30 17,29
40 17.30
50 17.33
62 17.6
70 17.8
80 18.0

Photo-current
(2537 &)

28,13 (cm)
28,12
28.15
28.10
28.13
28,15
28.10
28,20
28.12
28.14
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ture is most clearly brought out by comparing Curve 1 with
Curve 2, which was taken immediately after Curve 1, the
target having been heated for three minutes to about 400°C
between the two sets of readings.

The longer the aluminum was heated, and the higher
the temperature to which it was heated, the smaller smas the
variaticn of the photo-current observed during the cooling.
Curve 3 was obtalned after the target had been kept red hot
for 1 1/2 hour, the temperature never quite reaching the
melting point. The total variation of the current is only
about 3 per cent. However, in this case the aluminum was
not yet cleaned up as much as possible,

Table II gives the result of the last experiment
made with aluminuﬁ. The target had now been heated several
hours daily for twe months., It was very much deformed and
displaced, and the next heating resulted in a break-down of
the tube. Immediately before the readings were taken the
target was heated for one hour, the temperature being kept
cleose to‘the melting point which it reached several times.
The electremeter zero was determined twe minutes before and
two minutes after every reading, and corrections were made
for a slow motion of the zero amounting to 1.4 cm per hour.
Almost ne variation whatever of the photo—current is obserded
during the first 50 minutes of the cooling. The increase at

lower temperatures indicates that some surface film is being
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formed.

The experiments with aluminum have thus failed to
detect any varlation of photo-currents with temperature

between 400°C and room temperature. In the temperature range

QQOOC to 100°C the photo-current obtsined with 2537 A is

.found constant within 1/2 per cent.

From the constancy of the saturation current we may

infer that the temperature variation of the threshcld wave-
length of aluminum_is very small, An estimate of the change
in long wave-length limit corresponding to a change in the
current for 2537 A of 1/2 per cent may be obtained in the
following way. The curve representing photo-currerit per unit
intensity of 1llumination as a function of the wave-length
will be nesrly a s;raight line in the neighborhood of the
long wave-length limit., If we assume that a small change in
the 1imit simply produces a displacement of the curve parall el
to the wave-length axis, then a constancy of the current
within 1/2 per cent means a shift of the limit of less than
1 A, the 1imit being about 150 A from the wave-length used,

_ . No accurate determination of ths lorg wave-length
limit was made. A rough determinaticn gave for aluminum
cleaned up by heating the limit 2700 A, which is much lower

than that found by Richardson and Compton?,



(16)
6. Experiments with nickel.

With nickel the results were not nearly as conclus-
lve as with aluminum. The photo-currents were so small that
the steady deflection method could not be used. The currents
were measured by the rate of charging up of the receiver
connected with one pair of quadrants., In order to clean up
the target it was heated to 1300-1400°C. The tube could not
stand a heating to this temperature for a very léng time,
Oxide on the surface was reduced by heating in hydrogen. The
readings of the photo-current were started, as with aluminum,
as soon as the thermionic current was negligible, which
occurred at about 550°C.

A constant current was never obtained., Fig. 3 shows
two of the curves obtained with 2412 A, Before Curve 1 was
taken the target had been heated for 15 minutes at 1300-1400°C
Curve 2 was obtained right after Curve 1, the target having
been heated for 40 minutes between the two sets of readings,
Though the current varies considerably during the cooling,
the fact that ﬁhere is no large variation during the first
very rapid cooling indicates that the variation is not due
simply to a dependence.upon temperature of the photo-electric
effect.

The long wave-length limit of nickel was roughly
determined at 2500 A,
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In conclusion, the writer wishes to express his great
indebtedness to Professor R. A. Millikan who suggested the

problem, and under whose direction the work was done,
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