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Alfen effect is observed is considerably less than
the m~3ss of the free electron (for which p ~ 1072°),
If m* = 102m, is taken, then it is shown that
8¢ ~ 10 V. Moreover, it should be taken into
account that ¢, ~ 107? erg corresponds to one
electron per atom (n ~ 1) which, as a rule, also
does not hold (n < 1).

If there are several electron groups then the
potential difference arising is determined as

/ZdU/dc.

Here, the summation in the numerator and de-
nominator is made over all the electron groups.
However, it should be taken into account that
even the weak domain structure, which always
exists in single crystals, leads to the diffusion
or the total smoothing of the oscillations in com-
ponents corresponding to the bands with a large
number of electrons for small fields. Actually, it
is easy to show! that it is simply necessary to
average the right side of (3) over the various do-
mains to take the domain structure into account.
Here, naturally, the components containing the
significant random variations of the sine argument
drop out,*
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i.e., precisely those components which
correspond to bands with a large number of elec-
trons.

2. The variation of the chemical potential of
an electron gas in a magnetic field leads to a de-
pendence of the emission current (both the cold
and the thermionic emission) on the magnetic
field2 Hence, the oscillations in the magnetic
field must be observed only in the cold electron
emission case** Portions of the electrons lo-
cated on the “tail” of the Fermi distribution where
they behave substantially as classical particles
participate in the thermionic emission. Conse-
quently, a periodic dependence on the magnetic
field naturally does not arise.

Direct calculation of the thermionic current
under the assumption that the magnetic field is
perpendicular to the metal surface and that the
dispersion law is quadratic and isotropic, yields

* We note that Sm(C) is a function of the angles be-
tween the magnetic field and the crystallographic axes.

** The variation of the total cold emission current
in a magnetic field is extremely slight. In particular,
a periodic dependence on the magnetic field is appar-
ently not observable in practice. Consequently, we do
not dwell on these questions here.
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where [, is the thermionic current in the absence
of the magnetic field, 8 = e#i/2m*c is the electron
diamagnetic moment, m is its effective mass,
Bo = eh/2mc is the electron spin magnetic moment.
It is interesting to note that the thermionic cur-
rent can either increase or decrease in strong
magnetic fields depending on the relation between
the effective mass m* and the mass of the free

electron m. If m* = m, then

8H

[ (H)= kT tanh(BH / kT)

that is, the thermal current increases linearly
with the magnetic field tanh x ~ 1, x > 1 for
BH > EkT.

It should be noted that the experimental ob-
servation of thermionic current variation in a
magnetic field is extremely difficult because of
the low current intensity at low temperatures.
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Natural Line Widths of Microwaves
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WHEN molecules are contained in a space whose
linear dimensions are much smaller than the
emitted wavelength, as often occurs in the micro-
wave range, the molecules radiate as a single quan-
tum-mechanical system and the line width of the
spontaneous emission depends on the number of mol-
ecules. Dicke and Romer!*2 showed that the line
width is proportional to the number of molecules for
“bound” states. The present note will show that
this result is also valid for “unbound” states of a
molecular system.
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We shall consider the practical case of a Boltz-
mann distribution of molecular energies. For sim-
plicity we shall assume that the molecules are in
only two nondegenerate energy states £, and E~
(E ,>E.). The molecular radiation will be regarded
as approximately dipolar. It will be assumed that
direct molecular interactions can be neglected. Let
n, be the numbers of molecules in states of energy
E,. Then when the gas is in thermal e quilibrium
with a thermostat at temperature T

n_k—n+an/2kT;n=n_+n+,'E—_-E+_E_=Tm)0,

(1
Here we have taken account of the smallness of E
compared with 4T, as is usually the case for micro-
waves.

According to Dickel, the states of the gas are
characterized by the quantum number m=(n —n_)/2
and the “cooperation number” r. The following con-
dition is satisfied:

|m|<<r<<n/2.

(2

The radiation intensity from a gas in state (r, m) is!
=lo(r+m)(r—m-+1), (3)

where [ is the intensity of spontaneous emission
from a single isolated molecule.

When the molecular system is in state (1), =
—nE/4kT. The bar denotes averaging over the
Boltzmann energy distribution. By Eq. (2), 7 cannot
be smaller than |m |. It also cannot be much larger
than |m | because states with large r are of small
statistical weight!. When r=—m there is no sponta-
neous emission because lml then increases by
unity and violates condition (2). Thus it is physi-
cally significant to consider the radiation from a
gas in the state m=m +1; r=—rni. The radiation in-
tensity from such a gas is*

I = —1,2m = InE/2kT, 4)

and thus proportional to n. We shall determine the
natural line width when the initial state is m=m +
1, r =—. For the probability amplitudes b (r, m, v).
where v denotes the number of photons of frequency
@) in the radlatlon field, the method of Weisskopf
and Wigner®'* gives the equations

*We note that for spontaneous emission by a system of
molecules separated by distances much greater than the
emitted wavelength, we would have I = n,[¢, which dis-
agrees with (4).
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where H ' is the interaction energy operator. These
equations are solved as in Refs. 3, 4 (for more de-

tails see Ref. 5). We use Dicke’s relation?!
(rom|H' |1, m—1) = (Ey |H'| E) [(r + m) (r —m + D]'",

where (E |H' |E_) is the transition matrix element
for a single independent molecule. The resulting
spectral intensity distribution is

J(m)dm:"‘z—'hYO jpodo
2 (o —wq +mivg]

Thus in this case the natural line width is

Y =—2m Yo = (k ©/2kT)n Yo, (5)
where y, is the natural line width for a single mole-
cule We shall now estimate y. Let o, =2x10!!

¢~ (A=1cm):

Yo = w2, 03/% c3(ct. Ref. 4), 1, = 10718 CGSE;

then yo=3><10"'7 sec™ L. This would be the natural
line width of a gas where the molecules are assumed
to radiate independently. If in a distance of the or-
der of 1 mm, n=10'% molecules are to be found (on
levels E_ and E,) and T=300°K, then nk o /2kT =
25x101% and y= 105 sec™ 1, Thus the natm‘al line
width of microwaves is not negllglbly small, as is
usually assumed.

It is easily shown that absorption lines also have
the width given by (5)°. This follows from general
considerations.

We note in conclusion that there is a classical
analogue of the effect which has been described. In
a system of oscillators whose separation is small
compared with the emitted wavelength there is al-
ways an indirect interaction through the total radia-
tion field. In the dipole approximation, the radia-
tion damping force which acts on each oscillator is®

n
Krag = @e/3%) 37,
k=1

(6)

By using (6), it is easily found that the width of the
emitted line is y=ny, where n is the number of
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oscillators. This will be discussed in greater de-
tail in another article.

The author is indebted to Professor V. L. Ginz-
burg for comprehensive discussions.
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SMALLER1 observed the splitting of nuclear res-
onance lines when the modulation fre quency of
the magnitude field was of the order of the line
width. We have observed the same type of double
peaks of electron resonance absorption in strong
fields, when the angle a between the magnetic com-
ponent H_, of the radiofrequency field and the static
magnetic field # differs from 90°.
Measurements were performed by Zavoiskii’s
grid current method from 3 to 300 Mc at room tem-
perature. The method is described in detail in Ref.
3. The oscilloscope screen showed twin resonance
peaks. The splitting was produced by a 50Mc mag-

netic field.

For the free radical of aa-diphenyl-B-trinitrophe-

2
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nyl-hydrazyl in weak radiofrequency fields when a
is changed from 90° to 0° only the ordinary resonance
absorption peak is observed with g, =hv/BH =2
(Fig. 1 a). This peak has maximum intensity when
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FIG. 1. Twin resonance absorption in the free radical
of aa-diphenyl- 3 -trinitrophenyl-hydrazl at v = 30 Mc and

T=300°K. a)a=90°with field (H,= 0.1 oersted) b)
a=90° and ¢) a = 45 with strong field (H,, = 2 oersteds)
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a=90° and vanishes when a=0. In strong fields, the
free radical with a# 90° (Fig. 2) reveals additional
absorption peaks (Fig. 1b) which result from modu-
lation of the static magnetic field # by the paral-
lel component /,, . The number and position of
these peaks depend both on the field strength and
the angle a; they are given by v =v + nv, where
n=1, 2,3.... This is a special case of Smaller’s
condition .

Additional peaks were also observed in anthracite
from the Kuznets basin and in metallic lithium.
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