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These observations can be correlated on the basis of the ZnS: Cu
crystal being an F-type semiconductor with donor levels dis-
tributed over an energy range and with an exhaustion barrier at
each electrode. When a voltage is applied, the cathode barrier
will widen as donor levels are emptied until most of the voltage
appears across the cathode barrier. An ac applied potential V
depletes and replenishes the two barrier layers alternately. Above
a critical potential V& quantum-mechanical tunneling through the
cathode barrier occurs. Below Vt conduction electrons originate
only within the crystal. With a local Geld larger than the 6eld E;
necessary to ionize deep-lying donor levels and for E;&E„, the
critical 6eld for acceleration of conduction electrons, electrons can
be extracted from these deep-lying levels and accelerated to kinetic
energies great enough to impact excite activator ions. With V& Vt
only light out of phase with the voltage will appear; with V& Vt
electrons will tunnel with the electrodes producing additional
light in phase with the voltage.

For example, assuming a semiconductor with a work function
less than the metal electrode work function and with a homoge-
neous concentration of predominantly shallow donors, a Mott-
Schottky barrier appears at each electrode. The local Geld E is
linear with the distance from the barrier boundary reaching a
maximum at the crystal surface. A two-volt barrier requires a
Geld of 10' vjcm for appreciable penetration. ' For a donor concen-
tration of 3&&10' cm, a dielectric constant of 10, and an applied
potential of 10' volts, the required Geld for tunneling exists at the
cathode surface. The barrier thickne'ss is then 2)&10 4 cm. Deep-
lying donor levels 0.5 ev below the conduction band can be Geld
excited with 10' v/cm, a field which exists at the surface when
10 volts is applied to the crystal and which is sufficient to accel-
erate conduction electrons.

Further experimental and theoretical work are in progress to
test and re6ne the proposed mechanism.

f Presented in part March 22, 1952, at the Columbus Physical Society
Meeting.
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&HE energetics of nuclear reactions are commonly computed
using atomic masses. In a reaction in which the nuclear

charge changes, the difference in electronic binding energies of the
6nal and initial atoms is thus properly taken into account {aside
from the small energy difference between the final atom, which is
charged, and the corresponding neutral atoms). There does,
however, seem to exist some confusion' as to the mecha-
nism of the transfer of electronic binding energy to the incoming
or outgoing nuclear particles, despite the fact that this mechanism
is of the simplest kind: the effect on a charged particle of the elec-
trostatic Geld produced by the cloud of electrons.

Let us ask how the energy of an atom changes if the nuclear
charge is changed from Z to Z+dZ. The reason there is a change
is that the nucleus is in a region of negative electrastatic potential
produced by the electrons; if we call the electrostatic potential
produced by the electrons at the position of the nucleus q (Z), the
energy change is just edZq(Z), and the energy of the atom E(Z)
satisfies the equation

dE(Z)/dZ= eq (Z).

Equation (1) is used in the Fermi-Thomas model of the atom to
obtain E(Z) from the calculated value of q(Z); conversely,
(1) may be used to obtain q (Z) from an empirical determination
of E(Z). The Fermi-Thomas relation, with a constant adjusted to
give agreement with the known energies of light atoms, is E(Z)
= —15.73Z't' ev, which gives

eq (Z) = —36.70Z'~' ev. (2a)

According to Foldy, ' a better representation for heavy atoms is
E(Z) = —EZ")' {8=13,6 ev), which gives

ey(Z) = —32.64Z"t' ev. (2b)

If we consider, as an example, a case of P-decay, the P-particle
at the nucleus is also in the potential q (Z), and gains from this a
kinetic energy —eq (Z) in passing through the atom. This gain is,
of course, just the negative of the change in atomic energy dis-
cussed above, and one sees quite clearly the mechanism by which
the energy conservation law is satisfied.

The energy gain —eq(Z) does not represent a lower limit to
the energy of the emerging P-particle. It must be remembered that
the emerging P-particle feels the Coulomb field of the nucleus as
well as the Beld due to the electrons, and its total potential energy
as it passes through the atom is always negative. Thus there is no
energetic reason why it should not come out with zero energy.
The effect of the field due to the electrons on the shape of the
P-spectra is properly represented by using a screened Coulomb
potential, rather than the potential of a bare nucleus, in calculating
the Coulomb wave functions for the P-particle. '

The foregoing remarks are not quite accurate, in that the
change in nuclear charge was considered infinitesimal, rather than
a multiple of e, and any effect of a redistribution of the electron
cloud between initial and 6nal atom was thus ignored. If, in any
nuclear reaction, the charged particles entering or leaving the
nucleus have velocities high compared to the electronic orbital
velocities, the electron cloud will not have time to readjust, and
the particles feel just the electronic potential of the initial atom.
The net energy transfer to incoming and emerging nuclear par-
ticles, due to their interaction with the atomic electrons, is then
just —e(Z' —Z) q (Z), where Z' is the atomic number of the 6nal
nucleus. On the other hand, if the process were adiabatic, the
energy transfer to the nuclear particles would be —(E(Z') —E(Z)].
The latter difference can be evaluated by integration of (1) with
respect to Z; it represents the energy change if the nuclear charge
is altered by infinitesimal steps, allowing the electron cloud to
readjust after each step. The difference

nE= t'E(Z') E—(Z) g+e(Z—' Z) y(Z)— (3)

would therefore be lost to the emerging nuclear particles in a com-
pletely nonadiabatic transition; this energy appears as excitation
energy of the 6nal atom. In any particular event the final atom is
left in a definite stationary state, and the energy loss to the
nuclear products is the energy difference between this state and the
ground state. There will be a probability distribution for ending in
any given 6nal state, and DE represents the average energy loss,
averaged over this probability distribution. In a partially adiabatic
transition, the mean excitation energy of the final atom will of
course be less than b,E.

If E(Z') —E(Z) is expanded in a Taylor series in Z' —Z, we
obtain

5E= —-'(Z' —Z) d~E(Z)/dZ =—~e(Z' —Z) dq(Z)/dZ.

Using (2a) or (2b) we 6nd

AE =24.47Z't3(Z' —Z)' ev,

d E=22.85Z'~'(Z' —Z)' ev.

(4)

(4a)
(4b)

For Z= 90,
~

Z' —Z
~

= 1, (4b) gives DE= 138 ev, whereas —ev (90)
=17.8 kev.

Another simple estimate of d,E can be made by using hydrogenic
wave functions for each of the electrons. An electron in a state of
principal quantum number n, which feels an effective nuclear
charge Z,rre, contributes to E(Z) an amount —Z,nsE/I', to
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E(Z') an amount —(Z no+Z' Z—)off/No, and (using the virial
theorem) to zv (Z) an amount —2Z,ooR/ooo. The total contribution
to nZ is just (Z' —Z)oft/ooo. Thus each closed shell of principal
quantum number e adds 2E.(Z' —Z)2= 27.2(Z' —Z)' ev to AE. For
~Z' —Zj =1, Z=10, this gives 68=54 ev, while (4a) and (4b)
give 53 ev and 57 ev. For Z=90 the simple recipe gives DE=125
ev, and (4a) and (4b) give 110 ev and 138 ev.

A formal treatment of the arguments given above is quite
simple. Let P„be the probability that the electronic system of the
final atom will be left in a state of energy Ez „.If n =0 denotes the
ground state, the mean excitation energy of the atom will be

b,E=Z~„(Ez.„—Ez o).

For a completely nonadiabatic transition from initial to 6nal atom,

&-= (4z", 4zo) I',

where the Pz are the wave functions of the states of the final
atom, iso is the wave function of the ground state of the initial
atom, and

(4z, 4zo) =fgz ~'4zodr

If the Schrodinger equation for the initial atom is

Ezofzo =+sPso,

that for the 6nal atom is ' (Z' —Z)aEs ~Pz ~= IIs—& Pz ~,
i~1

and we can write

&~=&.(kzo, uz.)(0z-, kzo)(&z - »o)—' (Z' —Z)e~=gtt(lit'zop fzrts) fsrn) +s Q Ez'o fzo
1 rs ~N

The closure theorem can be used to evaluate the sum over n, and
we obtairi

s (Z' —Z)e'
~zo —(Es o

—Eso)
l

= (Z' —Z)os (Z) —(~z o
—&zo) (5)

in agreement with (4). The quantity AE is, by its definition, posi-
tive. Thus if Es o—Ezo is expanded in a Taylor series in powers of
Z' —Z, the term linear in Z' —Z in (5) must vanish. This can be
regarded as a proof of (1).

' See, for example, G. Ambrosino and H. Piatier, Compt. rend. 232, 400
(1951).The problem as it affects P-decay has been discussed by Herman M.
Schwartz [Phys. Rev. 85, 195 (1952) 1 with whose final conclusion we
concur.

I L. L. Foldy, Phys. Rev. 83, 397 (1951).' lf one neglects the excitation energy of the excited states of the residual
ion, then one can use the completeness relations for the final states of the
residual ion and show that the shape of the P-spectrum is not affected,
apart from the usual effects of the screened Coulomb field.
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"

~ OLLOWING the recently reported experiments on mass Qow

in absorbed He II films, ' preliminary measurements have
been made on the transport of heat by such 6lms.

The method used is similar in principle to that of Bowers,
Brewer, and Mendelssohn. 2 A copper-nickel tube 10 cm long, of
0.45-cm i.d. and 0.013-cm wall thickness, had copper chambers
attached to top and bottom; the top chamber was provided with a
heater; the bottom was in direct contact with the surrounding
helium bath. The tube and top chamber were insulated by high
vacuum (&10 ~ mm Hg). Carbon thermometers were located at
the center and at both ends of the tube, so that temperature gra-
dients along the tube could be determined. The thermometers
were sensitive to 0.0002'.
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FIG. 1. Tr as function of saturation P/Po. (T'y is the temperature above
which at a certain saturation, the film does not show superQuidity. )

is shown a curve of these temperatures TI plotted against the
saturation I'fI'o, as derived from the Qow measurements of
reference 1. The points shown are from the heat transport experi-
ments. For all temperatures above Ty, no film Qow and no high
heat transport occur; at all temperatures below Ty, film Qow occurs
and contributes to the heat transport. No attempt was made to
accurately re-determine the curve by the heat transport technique,
since the Qow method previously used is experimentally simpler
and more precise.

There is also in the unsaturated 61ms a 6nite hT established in
the heat transport experiments. The heat Qow is not a linear
function of nT, but appears to follow roughly (n.T)t as in the
bulk liquid case. The temperature distribution along the tube is
such that the hT between center and bottom is finite, but much
smaller than that between center and top. This suggests that in
the heat transport cycle (which presumab1y involves 61m Qow

from cold to warm parts, evaporation, return Qow of vapor
through the wide tube, then condensation at the cold end) the
vaporization process may be the rate-determining step. If, how-

ever, the 6nite /rt T measured in the lower half of the tube is indeed
real, then perhaps the film transport cannot be regarded as a true
superQuid process.

The heat transport by the film is being investigated in more
detail.

1 E. Long and L. Meyer, Phys. Rev. 85, 1030 (1952).
g Bowers, Brewer, and Mendelssohn, Phil. Mag. 42, 1445 (1951}.

The heat conductance of the system (without film contribution)
was 15 @watts/degree, so that quite small heat currents could be
measured.

The preliminary measurements show:
1, Satlrafed /f fnos (8/Po = 1, where I' is the pressure inside the

system and I'o is the vapor pressure of the bath) show critical
heat input rates beyond which the AT between top and bottom
of the tube rises beyond the experimental range. These critical
heat inputs are proportional to the transfer rates of the saturated
He II 61m (Mendelssohn and White), as has already been re-
ported by Bowers et al.~ However, below. the critical heating rate
there is always a 6nite hT established for all except quite low heat
inputs. The AT for a given heat input depends on the amount of
excess liquid in the system, but the critical heating rate does not.

2. Unsaturufed plms (EfPo&1). For a 61m of given thickness,
determined by I'fI'o, the 61m contribution to the heat transport
is zero (&0.1 pwatt) at all temperatures above a sharply de6ned
temperature Ty. At this temperature, the 61m contribution appears
abruptly, rising to relatively large values at lower temperatures,
depending on the film thickness and the temperature. The tem-
perature Ty is identical with the "onset" temperature for 61m Qow

reported by Long and Meyer (reference 1, method I). In Fig. 1


