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drawing a smooth curve, we can locate the intercept on the wave-length
axis that is, the long-wave-length limit, within perhaps 100 A. The
result is shown in Fig. 10. This procedure is probably
the simplest way of avoiding the disturbing effects
of stray short-wave-length light in determining direct-
ly the long-wave-length limit. Evidence will be pre-
sented in a later paper to show that this limit is by
no means a constant—a fact also emphasized by Pohl 55 60 5550 1
and Pringsheim,! but the two sorts of measurements Fig. 10.
upon it herewith reported are made at practically the

same time so that their agreement is a real test of the validity of Einstein’s
equation.

Lithium is better suited to this sort of a test than is sodium for
the reason that its long-wave-length limit falls in the middle of the
visible spectrum where all the elements necessary to the comparison
are most easily and reliably observable. Both Fig. 8 and Fig. 9 show
such comparisons, the first on a new lithium surface, and the second on
the same surface several months later. It is to be particularly noted
that while the measured contact E.M.F. between the lithium and the
oxidized copper plate was 1.51 volts in the observations shown in Fig. 8,

Photocurrent hev unit intensdy.

it was only I.IT volts at the time the observations shown in Fig. 9 were
taken, yet the displacing of the V » line by the amount of this measured
contact E.M.F. yields in each case excellent agreement between the
determined from the intercept on the » axis and that determined by direct
observation (see lower right hand corners of Figs. 8 and 9). I should be
unwilling to claim that the direct observations fix the long-wave-length
limit with a precision greater than 100 A. Nevertheless these observa-
tions seem to leave no room whatever for doubt that the agreement de-
manded by Einstein’s equation between the two methods of determining
vy actually exists. '

6. ContacT E.M.F. AND LONG-WAVE-LENGTH LIiMITS.
I have shown elsewhere? that Einstein’s equation demands that the
contact E.M.F. between any two conductors be given in terms of photo-
electrically measured quantities thus

h
Contact EM.F. = P (vo — vo’) — (Vo — Vo), (2)

in which »o and »¢’ are the long-wave-length limits of the two conductors
and V, and Vil are the maximum potentials which must be externally

1 Phil. Mag., 26, 1014, 1913.
2 PHYs. REV., January, 1016.
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applied to just prevent corpuscular discharge by light of any particular
wave-length from these two conductors to any third conductor. If the
long-wave-length limit of the copper oxide receiving cylinder can be
determined this equation can be quite accurately tested by means of the
experiments recorded above. The desired measurement on the Faraday
cylinder was made with no little precision by utilizing the observation
mentioned in section 3b that when the sodium for example was charged
to a positive potential of say 6 volts, if the wave-length used was longer
than the long-wave-length limit of the cylinder, there was no trace of
an apparent positive leak to the cylinder upon illuminating the sodium,
but as soon as, with decreasing wave-length, the long-wave-length limit
of the cylinder is reached, such a leak will appear because of the liberation
of electrons from the walls of the cylinder by the light reflected to them.
I have already mentioned that with line 3,125 although it produced with
— 6 volts on the sodium a current of 17,000 mm. in 30 seconds, when the
sodium was given a potential of + 6 volts and illuminated there was
not-a quarter of a millimeter of deflection. Since the greater part of
the light incident on the sodium is reflected back to the Faraday cylinder,
this shows that line 3,125 is completely and definitely above the long-
wave-length limit of the copper oxide. Lines 3,022 and 2,967 and 2,804
are weaker and their indications are accordingly less definite, but no
positive leak was obtained with them. But with wave-length 2,652,
which with —6 volts give a deflection of 5,300 mm., 4 6 volts produced
a deflection in 30 seconds of 3 mm. and with N = 2,535, which with — 6
volts gave 7,800 mm., + 6 volts produced a deflection of 20 mm. The
energies of the two lines were found in the ratio 5.3 to 9.1. Plotting then
deflections per unit intensity, viz., 20/9.1 = 22 and 3/5.3 = 5.66 against
the corresponding wave-lengths and extending the straight-line connecting
these two points to the wave-length axis we find the intercept at A
= 2,688 A. which may be taken as the long-wave-length the limit of the
copper oxide, and in view of the steepness of the curve it is not likely
that this point is in error by more than say 30 A. The corresponding
vy’ is 111.6 X 108, From the relation d volts/dv = 4.128 X 107 we
can compute the maximum energy of emission in volts of corpuscles
under the influence of line 2,535 (which corresponds to » = 118.2 X 10%)
from a surface for which this energy is zero at A = 2,688 A, Ttis

4.128 X 10715(118.2 — 111.6) X 108 = .27 volt.

Thisis Vol. With line 2,535 Fig. 5 shows that the observed 7, for sodium
was .52 volt, so that V,— V¢ = .52 — .27 = .25 volt. But
hle(vo — vo') = 4.128 X 10715(118.2 — 43.9) X 10¥ = 2.79 volts. The
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measured contact E.M,F. at this time was 2.51 volts (see p. 382 and
Fig. 6). Hence equation 2 becomes

2.51 = 2.79 — .25 = 2.54,
which is but about 1 per cent. in error.

Similar computations made with lithium showed equally good agree-
ment. As stated above the Faraday cylinder used with the lithium was a
new one and with line 2,535, + 6 volts on the lithium failed to reveal
any trace of a reverse electronic current. But with line 2,400 A this
reverse current was distinctly and definitely present, although line 2,400
is weak in energy compared with 2,535. Line 2,535 was then in this
case very close to the long-wave-length limit. Considering the limit at
this line we have 7y’ = o. But Fig. 8 shows that at that time the contact
E.M.F. was 1.52 volts, while V, for line 2535 was 1.00 volt and v,
= 57 X 108, Hence h/e(vo — vy’) = 4.128 X 1071 (118.2 — 57.0) X
10%¥ = 2.526 volts, and equation (2) becomes

1.52 = 2.526 — 1.00 = 1.526.

In the measurements taken six months later, although the contact
E.M.F. had dropped to 1.11 volts, equation 2 still predicts the observed
value. For now (see Fig. 9) h/e(vo — »y') = 4.128 X 1071%(118.2 — 59.7)
X 108 = 2.415 volts and V, = 1.29 volts, so that equation 2 becomes

1.1I = 2.415 — 1.29 = I.I125.

Einstein’s equation appears then to stand up accurately to all of the five
quantitative tests demanded of it on page 356.

9. THEORIES OF PHOTO EMISSION.

Perhaps it is still too early to assert with absolute confidence the
general and exact validity of the Einstein equation. Nevertheless, it
must be admitted that the present experiments constitute very much
better justification for such an assertion than has heretofore been found,
and if that equation be of general validity, then it must certainly be
regarded as one of the most fundamental and far reaching of the equations
of physics; for it must govern the transformation of all short-wave-length
electromagnetic energy into heat energy. Yet the semi-corpuscular
theory by which Einstein arrived at his eduation seems at present to be
wholly untenable. I have pointed out elsewhere! that this theory was
but a very particular form of the ether-string theory advanced by J. J.
Thomson? two years earlier, for it simply superposed upon that theory
the additional hypotheses (1) that the bunches of energy which are as-

1 Science, Vol. XXXVII., p. 130, 1913.
2 Electricity and Matter, pp. 62-70.
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sumed to travel along the ether strings are proportional to the impressed
frequency and (2) that they are transferred upon absorption as wholes
to an electron. This being the case, the objections to an ether-string
theory, that is, to any theory in which the energy remains localized in
space instead of spreading over the entire wave-front, must hold for the
Einstein theory. Lorenz! and Planck? have pointed out some of these.
Despite these objections, however, Sir J. J. Thomson? and Norman
Campbell!still adhere toit. I wish to call attention to one more difficulty
which in itself seems to me to be very serious.

If a static electrical field has a fibrous structure, as postulated by any
form of ether-string theory ‘‘ each unit of positive electricity being the
origin and each unit of negative electricity the termination of a Faraday
tube,’”’® then the force acting on one single electron between the plates
of an air condenser cannot possibly vary continuously with the potential
difference between the plates. Now in the oil-drop experiments® we
actually study the behavior in such an electric field of one single, isolated
electron and we find, over the widest limits, exact proportionality between
the field strength and the force acting on the electron as measured by the
velocity with which the oil drop to which it is attached is dragged through
the air.

When we maintain the field constant and vary the charge on the drop,
the granular structure of electricity is proved by the discontinuous
changes in the velocity, but when we maintain the charge constant and
vary the field the lack of discontinuous change in the velocity disproves
the contention of a fibrous structure in the field unless the assumption
be made that there are an enormous number of ether strings ending in
one electron. Such an assumption takes all the virtue out of an ether
string theory.

Despite then the apparently complete success of the Einstein equation,
the physical theory of which it was designed to be the symbolic expression
is found so untenable that Einstein himself, I believe, no longer holds to it.
But how else can the equation be obtained?

Before attempting to answer this question, let us consider the energy
relations which it imposes. It requires the absorption at some time or
other by the escaping electron of at least the energy %» from incident
waves of frequency ». The total luminous energy falling per second from

! Phys. Zeit., 11349, 1910.

2 Ann. der. Phys., 39, 1912. Berliner Ber., 723, 1911.

3 Proc. Phys. Soc. London, XXVII., 105, December 15, 1914.

4 Modern Electrical Theory, Cambridge Press, 1913, p. 248.

5J. J. Thomson’s Electricity and Matter, p. 9.
6 PHYS. REV., 2, 109, 19I3.
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a standard candle on a square centimeter at a distance of three meters
is one erg.! Hence the amount falling per second on a body of the size
of an atom, 4. e., of cross section 1071 cm. is 107 ergs. But the energy
kv for light of wave-length equal to 5,000 Ais 4 X 1072 ergs or 4,000
times as much. Since not a third of this energy is in wave-lengths shorter
than 5,000 A a photoelectric cell which is sensitive up to 5,000 A. should
require at least 12,000 seconds or 4 hours of illumination by a standard
candle 3 meters away before any of its atoms could absorb enough energy
to discharge a corpuscle, yet the corpuscle is observed to shoot out the
instant the light is turned on. If then we must abandon the Thomson-
Einstein hypothesis of localized energy, which is, of course, competent
to satisfy these energy relations, there is no alternative but to assume that
the corpuscles which are ejected are already possessed of an energy almost
equal to hy. Since this energy must have come from the incident fre-
quency, for otherwise it could not be proportional to this frequency, it is
necessary to assume, if the absorption is due to resonance (and we know
of no other way in which to conceive it after eliminating as above the
possibility that a single ether pulse drives out a free electron) that there
are oscillators of all frequencies within the absorbing body and that these
oscillators are at all times in all stages of energy loading up to the value
hv. But this is impossible if the oscillators, when not exposed to radi-
ation, emit any energy at all; for if they did so, they would in time lose
all their store and we should be able, by keeping bodies in the dark, to
put them into a condition in which they should show no photoelectric
effect until after at least 4 hours of illumination with a standard candle.
Since this is contrary to experiment, we are forced, even when we discard
Einstein’s theory of localized energy and discontinuous absorption, to
postulate electronic absorbers which do not radiate at all while they are
absorbing until the absorbed energy has reached a certain critical value
when explosive emission occurs. The photoelectric effect then, however
it is interpreted, if only it is correctly described by Einstein’s equation,
furnishes a proof which is quite independent of the facts of black-body
radiation of the correctness of the fundamental assumption of the quantum
theory, namely, the assumption of a discontinuous or explosive emission
of the energy absorbed by the electronic constituents of atoms from ether
waves. It materializes, so to speak, the quantity ‘“ %2’ discovered by
Planck through the study of black body radiation and gives us a con-
fidence inspired by no other type of phenomenon that the primary phys-
jcal conception underlying Planck’s work corresponds to reality.

But to return to a substitute for Einstein’s theory. Planck? and Som-

1Drude, Lehrbuch der Optik, 1906, p. 472.
2 Ann. d. Phys., 37, 644, 1912.
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merfeld! have both made alternative suggestions, neither of which,
however, seems competent, in general, to furnish a physical basis for the
Einstein equation. Indeed Sommerfeld and Debye® definitely admit
the inadequacy of their theory to account for the normal photoelectric
effect, which is precisely the effect herewith investigated, while Planck’s
theory as thus far formulated does not yield the Einstein equation at all.
Originally it had nothing whatever to say about the escape of corpuscles
from atoms under the influence of ether waves, and even in the 1912 for-
mulation? the energy of an oscillator was assumed to be given up only in the
form of electromagnetic waves, but in 1913* the theory was extended so
as to permit part of the energy to be emitted in the form of an ejected
corpuscle. The oscillator of frequency » was assumed to absorb energy
continuously without radiating any of it until its energy content became
nihw, in which 7, is an integer, the value of which on the average depends
on the intensity of the incident waves. This energy was then assumed
to shoot out explosively, the amount okv, ¢ being a fraction less than one,
going off in the form of an ether wave, and the amount (z — ¢)kv ap-
pearing in the form of the kinetic energy of the escaping corpuscle. This
energy (n — o)hv was then assumed to be transformed entirely into
electromagnetic waves of frequency »s, when the corpuscle fell into a new
oscillator of natural frequency »s.

Now when we compare this theory with the above experimental results
we observe that there is not the slightest indication in the latter that the
energy absorbed by an escaping corpuscle from an incident light wave of
frequency » is ever more than %», or that ¢ has any value at all and yet
the setting of #; = 1 and ¢ = 0 in the above expression of Planck is not
consistent with his way of deducing his black body radiation law.5

Further the assumption that all bodies which show the normal photo-
electric effect, and there is some evidence that even gases when stimulated
by waves of frequency » shoot off corpuscles with energy kv, contain

1 Phys. Zeit., 12, 1057, 1911, Solvey Congress, IQII.

2 Ann. d. Phys., 41, 873, 1913.

3 Sitz. Ber. d. k. Preuss. Akad., 18, 350, 1913.

4 Ann. d. Phys., 37, 644, 1912.

§ My experimental results might perhaps be reconciled with Planck’s theory if, under the
I—n

conditions under which I work, his expression = pI (Wirmestrahlung, p. 159) were a

quantity very much smaller than unity. As a matter of fact, however, the intensity of
illumination K which I used in these experiments was measured and found, with line 5461,

er. 3
to be about 10 _oe . 3¢
cm?sec 32w2hy3

. 2m*
Since K = 133% (see ‘“Wirmstrahlung,” p. 162) and p =

2K
we see that pI = %ﬁ Inserting ¢ =3 X 109, 2 =6 X 107%, p =6 X 104 we find

pI = 7000—a very large quantity instead of a very small one. This seems to make my
results irreconcilable with Planck’s theory.
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sharply tuned oscillators possessing every conceivable natural frequency
is a somewhat troublesome one. Certainly both the phenomena of ab-
sorption and of emission show that in most substances the great bulk of the
oscillators possess natural frequencies of one or two particular values and
the characteristic waves which they emit are of these frequencies, the
condition for such emission being in general merely that the stimulating
frequency be greater than the characteristic frequency.

In spite of these difficulties, however, a modification of Planck’s for-
mulation seems to me able to account for all the relations thus far known
between corpuscular and ethereal radiations. Most of the oscillators
of a given substance may be assumed to have a particular frequency or
frequencies characteristic of the substance, but, just as the line spectrum
of a gas is always superposed upon a faint continuous spectrum, so a few
oscillators of every conceivable frequency may with no little plausibility
be assumed to be mixed with the enormously larger number of oscillators
which have a frequency or frequencies characteristic of the given sub-
stance. This is only making for all substances precisely the assumption
which Planck makes with such conspicuous success for black substances.
In other words it is assuming that all substances are to a certain degree
black. If any particular frequency is incident upon such a substance
the oscillators in it which are in tune with the impressed waves may be
assumed to absorb the incident waves until the energy content has
reached a critical value when an explosion occurs and a corpuscle is shot
out with an energy k». This free corpuscle may then be assumed to
fritter away some, and in many cases all, of its energy by impacts with
atoms, but if it strikes an oscillator of any frequency », while its energy
exceeds ks, it either stimulates directly new ether waves of frequency
ve, or else it modifies the condition of the atom in such a way that in a
subsequent readjustment it emits waves of this frequency. If the sub-
stance possesses these particular oscillators vs in great abundance then
these emitted waves are its characteristic X-rays. Whether they are
stimulated by the return of a displaced corpuscle or by the act of dis-
placement by a corpuscle of energy greater than v, may be left unsettled,
though the former view is at present the more attractive.

In the photoelectric effect we study not the stimulation of these char-
acteristic ether waves but the antecedent emission of corpuscles from the
atom, this emission appears to take place to some extent at all frequencies
of the incident light, though the emitted corpuscle never leaves the metal
unless its energy of emission from the atom is greater than kv, but it
takes place especially copiously when the impressed frequency coincides
with a “ natural frequency.” According to this point of view theselective
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photoelectric is simply the normal effect taking place in the neighborhood
of an absorption band where oscillators of one particular frequency pre-
dominate. This is little more than Planck’s theory with the possibility
of a corpuscle being emitted from an atom with an energy greater than
hv eliminated for the sake of reconciling it with the experimental facts
above presented. It is to be hoped that such a theory will soon be
shown to be also reconcilable with the facts of black body radiation.

I have to thank Mr. Wilmer H. Souder for able assistance during the
latter portion of this investigation.

10. SUMMARY.

1. Einstein’s photoelectric equation has been subjected to very search-
ing tests and it appears in every case to predict exactly the observed
results.

2. Planck’s % has been photoelectrically determined with a precision
of about .5 per cent. and is found to have the value

h = 6.57 X 107%,
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