almost impossible to deceive the expert.
No forgery can be undertaken with the
blood groups, unless we accept the
interference of bacteria as criminal
action! The use of statistics on the
ABO groups throws light on many
anthropological problems. One of the
most interesting, touched on by the
Boyds, is the date of introduction of
these groups into America by the suc-
cessive waves of migrants. Candela’s
data on Aleut mummies (32) have
been used by Laughlin (33) in discuss-
ing the origins and racial affinities of
the present population of the islands.
1t is possible that further studies would
show relative dates for the introduction
of the different ABO groups into the
American continent. Group O is pre-
dominant there today, notably in South
America, where work on ancient mum-
mies and skeletons could contribute to
the solution of such problems as the
origins and racial affinities of Inca and
pre-Inca peoples. But North America
shows areas of high incidence of group
A—an incidence that increases as one
moves northwards. When did this gene
arrive, and where did it come from?
Is it possible to demonstrate the absence

of group B in old Indian populations,
or will its presence suggest an Asian
origin, as has been postulated for the
Eskimo? It is equally possible that it
could be demonstrated that groups A
and B had been lost in New World
populations of the present day. Many
fascinating problems can be posed, on
the origins and the migrations of
peoples all over the world. As our
techniques improve and our knowledge
extends, we shall add many more. It
is the function and the adventure of
paleoserology to solve them (34).
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manifestations of superlight-velocity
optics were also possible, but their ob-
servation appeared very complicated.
For example, even the first calculations
indicated that if the Vavilov-Cherenkov
radiation were induced not by an elec-
tric charge but, say, by the magnetic
moment of an electron, it should be so
weak that its experimental detection
would not be feasible (5). It was like-
wise evident that it would be difficult
to create conditions for observation of
atoms moving at superlight velocities (6).

Theoretical analysis of all these prob-
lems was for a number of years of
interest chiefly from the viewpoint of
principle.

Progress in nuclear physics and the
improvement of experimental techniques
in recent years has resulted in the fact
that the Vavilov-Cherenkov effect has
found numerous applications in the
physics of high-energy particles. A con-
nection between this phenomenon and
many other problems has also been
found, as, for example, the physics of
plasma, astrophysics, the problem of
radio wave generation, the problem of
acceleration of particles, and so on.

A broader approach to the treatment
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of the phenomena related to the Vavilov-
Cherenkov effect has now become not
only justified but essentially necessary.

The question naturally arises as to the
peculiarities of a radiation which may
be set up not only by an electric charge,
but by any source of light, moving in a
refractive medium (7). Such a general
approach to the problem, involving,
notably, the Vavilov-Cherenkov effect,
is of interest now not only from the
viewpoint of principle. It may be hoped
that some phenomena of this range will
become, in the immediate-future, a sub-
ject of experimental study, too.

Since the discovery of the Vavilov-
Cherenkov effect, our ideas of the
mechanism of interaction between a
rapidly moving particle and a medium
have undergone a considerable change.

Formerly it appeared unquestionable
that radiation arising during an electro-
magnetic interaction between high-
energy particles and a medium is always
some kind of bremsstrahlung. Most of
the energy of such radiation is carried
by high-energy photons. The optical
properties of the medium should not
be of significance for the emission and
propagation of such photons. It was
also assumed that the processes of
ionization and excitation by fast par-
ticles might be regarded as a sum of
independent interactions of such par-
ticles with individual atoms and mole-
cules. This led to the deduction that
generally for interaction between high-
energy particles and a substance, macro-
scopic properties of the medium are
likewise of no importance.

The discovery and interpretation of
the Vavilov-Cherenkov effect, and then
the connection between this phenome-
non and ionization losses, found by
Fermi (8), have led to a revision of
this viewpoint. It has now become evi-
dent that the macroscopic properties of
the medium play an important part in
the processes of radiation of light by
rapidly moving particles.

The ratio between the velocity of the
emitter and that of light is a highly
important factor, on which radiation
depends. In a vacuum, the velocity
of light is constant and always exceeds
that of the emitter. It enters the
formulas determining the radiation, as

Dr. Frank is affiliated with the P. N. Lebedev
Institute of Physics of the Academy of Sciences
of the U.S.S.R., Moscow. This article is the
lecture he gave in Stockholm, Sweden, on 11 Dec.
1958, when he was awarded the Nobel prize in
physics for 1958, a prize which he shared with
P. A. Cherenkov and I. E. Tamm. It is pub-
lished here with the permission of the Nobel
Foundation.

11 MARCH 1960

a universal constant. Radiation in a
vacuum is therefore determined solely
by the nature of the emitter and the
law of its motion. The case is different
in a refractive medium. The phase and
group velocities of light differ from
those in a vacuum. They depend on the
properties of the medium and on the
frequency of the light. In optically
anisotropic media, they are a function
of the direction of propagation and
polarization of the waves. In media of
limited dimensions, changes in the
velocity of light during transition
through the boundary of the media are
also of importance. Hence, in a re-
fractive medium, the ratio between the
velocity of the emitter and that of wave
propagation depends considerably on
the velocity of light in a medium and
on its changes. Unlike the ratio in a
vacuum, the ratio may, notably, exceed
unity. As a result, not only the proper-
ties of the radiation but sometimes even
the radiation phenomenon itself de-
pends on the peculiarities of light
propagation in a medium. The Vavilov-
Cherenkov effect is a case in point.

Radiation in a medium naturally also
depends to a very great extent on the
nature of the emitter. The theory makes
it possible to foretell the properties of
the Vavilov-Cherenkov radiation not
only for a moving electric charge but
also for other cases. For instance,
similar to an electric charge, the
Vavilov-Cherenkov radiation should
have also been produced by a magnetic
charge, had it been proved to exist (9).

Whereas the question of radiation of
a magnetic charge should now, too, be
considered as being only theoretically
possible, the question of the Vavilov-
Cherenkov effect for magnetic and elec-
tric dipoles and multipoles is quite real
at present.

As a matter of fact, analysis of the
radiation of a moving system of par-
ticles may prove necessary in resolving
the numerous tasks related to processes
in plasma and to problems of accelera-
tion of particles. It is evident that a
system of particles may, notably, be
quasineutral, but it may possess an
electric and, particularly, a magnetic
moment due to moving ring currents.

Not only may a system of particles
move as a whole, it may also have
natural frequencies of oscillations. This
is true to an even greater extent of such
systems as a moving atom, ion, or
atomic nucleus. An electron moving
in a magnetic field may likewise possess
natural frequency (Larmor frequency of

revolution about the lines of a field).
Therefore, apart from generalization of
the theory of the Vavilov-Cherenkov
effect, analysis of the general case of the
radiation of systems possessing natural
frequencies of oscillations is also re-
quired (7).

Such a general analysis also includes
the Vavilov-Cherenkov effect. The latter
corresponds to the limiting case when
the natural frequency is zero.

The fact that the theory of radiation
of a charge moving with a velocity ex-
ceeding that of light has not been re-
vised in the past 20 years does not mean
at all that the theory of this effect has
been fully consummated. This can be
seen from the following example. L. I
Mandelshtam was the first to point
out that it is not necessary for a charge
to move in a continuous medium in
order to radiate during superlight veloc-
ity (10). The radiation remains the
same if the charge moves along the axis
of a hollow cylindrical channel inside
the medium, provided the diameter of
the channel is small in comparison with
the length of the emitted wave. For
practical purposes this is very important,
since it makes it possible to obtain radi-
ation in a medium under conditions
when the emitter does not collide di-
rectly with the atoms of the medium,
which may deform or destroy it. It
seemed that this applies also to the
radiation of a dipole in a medium.

As was recently shown, however, by
V. L. Ginzburg and his associates, this
question is not so simple as it appeared
before (77). The properties of a
medium directly adjacent to the dipole
may play an important part, and the
presence of a channel of any, even the
smallest, diameter cannot, therefore, be
ignored.

This important factor has called for
a critical analysis of the formerly ob-
tained data as well. Thus, two contra-
dictory results were obtained by two
different methods for the radiation of a
magnetic dipole (6, 9). It may now be
assumed that this was not due to the
erroneousness of one of the methods
used, but to the fact that the methods
differed in taking into account the
effect of the medium adjacent to the
moving dipole. Possibly both results
are correct, but they apply to different
physical cases. The matter requires,
however, further consideration.

The series of problems dealt with in
this article, despite their diversity, com-
prises but the simplest case of radiation
in a medium—namely, radiation during
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which the translational motion of the
system may be regarded as uniform and
rectilinear.

Transition Radiation

A typical example of radiation in a
medium and, notably, during the uni-
form motion of an electric charge is
provided by the so-called transition
radiation. The assertion that there is no
radiation during a rectilinear and uni-
form motion of an electric charge at a
velocity smaller than the phase velocity
of light is correct only under the con-
dition that the velocity of light along
the path of the particle remains un-
changed. For example, if a uniformly
moving charged particle crosses the
boundary of two media with different
indices of refraction, transition radiation
appears. Radiation appears because the
jump in the magnitude of the phase
velocity of light at the boundary of two
media is to some extent equivalent to
the jump in the magnitude of the veloc-
ity of a particle. The equivalence to
bremsstrahlung becomes complete in
an extreme case, when the particle
moves from a vacuum to a metal in
which light is absorbed over a length
smaller than the wavelength of the light.
The intensity of the transition radiation
is at its maximum in this case. In the
optical range of the spectrum, the spec-
trum and magnitude of the radiated
energy are then exactly identical to
those of the radiation which would have
been produced by an electric charge
and a charge of the opposite sign mov-
ing toward it (its electric image in the
metal) which stop instantaneously at
the point of encounter.

The spectral density of energy of
transition radiation at low velocities is
proportional to the Kkinetic energy of
the particle, and it rises in the region
of relativistic velocities as the loga-
rithm of the total energy. Like brems-
strahlung, it becomes sharply directed
in this case. It has been suggested that
transition radiation might be useful in
determining the energy of ultrarelativis-
tic particles. This is important because
it is very difficult to use for this pur-
pose the Vavilov-Cherenkov effect for
ultrarelativistic particles. As is well
known, the angle at which the Vavilov-
Cherenkov radiation is directed and the
intensity of the radiation attain in this
case a practically constant value.

The use of transition radiation is,
however, impeded by the fact that its
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intensity is very low. The probability
of emission of a photon is of the order
of the fine-structure constant—that is,
of the order of a hundredth. If it is
not possible to sum up transition radia-
tion from many plates, observation of
an individual particle by transition radi-
ation may be carried out with but little
efficiency. In this connection I should
like to note the peculiarities of transition
radiation at ultrarelativistic velocities.
Unlike particles with a low velocity,
transition radiation is almost the same
during the incidence of such a particle
from vacuum on a transparent dielectric
as during the incidence on a metal. This
is easy to understand by analogy with
bremsstrahlung. Indeed, a change in the
velocity of light is equivalent to a slight
change in the velocity of the particle.
But even a small change in the velocity
of an ultrarelativistic particle means a
great change in its energy—that is, a
great deceleration of the particle. This
peculiarity may permit us to sum up
transition radiation from the surfaces of
many parallel transparent plates in a
vacuum.

The second peculiarity consists in the
fact that at ultrarelativistic velocities,
the equilibrium field entrained by the
particle in a vacuum is formed along a
considerable path length. Consequently,
to prevent the intensity of radiation
from being reduced, the vacuum layers
between the plates should not be less
than some preset magnitude. For in-
stance, for the radiation of the visible
light of a proton with energy of 10"
electron volts, this minimum distance is
of the order of 1 millimeter, which is
reasonable; but for a proton with energy
of 10* electron volts it rises to the un-
reasonable magnitude of 1 kilometer.

I have dwelt on the subject of transi-
tion radiation in order to emphasize the
peculiarity of the optical phenomena for
radiation sources moving in refractive
media, which so greatly depends on the
peculiarities of propagation of light in
a substance.

It should be noted that although the
theory of transition radiation was de-
veloped by Ginzburg and me (12) more
than ten years ago and has since been
analyzed in a number of works (as /3,
14), it has not yet been studied ex-
perimentally. The situation in this case
is almost the same as in the case of the
Vavilov-Cherenkov radiation before the
papers of these workers were published.
There is no doubt that transition radia-
tion has also been observed on numer-
ous occasions by various physicists, since

the glow of the surfaces of electrodes
under  the impact of bombarding par-
ticles is well known. But even today the
part played in this glow by luminescence,
bremsstrahlung, and transition radiation
has not been elucidated. The most re-
liable data on transition radiation have
recently been obtained by Chudakov
(75). Using the coincidence method,
Chudakov observed photons emitted
from the surface of a metal foil -during
the incidence on it of fast electrons
from radiophosphorus. The intensity of
radiation thus found proved to coincide
with the estimated intensity for transi-
tion radiation, at least in order of
magnitude (16).

It is also worth mentioning that tran-
sition radiation is practically always an
intrinsic part of the Vavilov-Cherenkov
radiation, due to the limited thickness
of the radiator. As shown by V. E.
Pafomov for a radiator of very small
thickness, this factor should be taken
into account (17).

Radiation Spectrum and Quantum
Interpretation of the Phenomenon

The radiation of a charged particle
uniformly moving at a velocity exceed-
ing that of light may, as is well known,
be fully described by the methods of
classical electrodynamics. The quantum
theory of this phenomenon was first
developed by Ginzburg (5) and then
by many other investigators (see, for
example, 4). Ginzburg has shown that
the classical formula for the cosine of
the angle at which radiation occurs is
correct up to a very small correction of
the order of magnitude of the ratio
between the energy of the radiated
photon and the total energy of the
moving emitter. (Even for an electron
the ratio is less than 107°.) If this slight
quantum correction contained in the
exact formula is disregarded, identical
relations between the frequency of the
radiated light and the direction of its
emission are obtained by both the clas-
sical and the quantum methods. Let us
write them down in a quantum form
for a system possessing a natural fre-
quency o, (7, 18), which is the fre-
quency in the laboratory system of
coordinates—that is,

wo = (1 — B*)%
There is no need to assume in this
case that «, is the only natural fre-

quency possessed by the system. It may
be regarded as a component of a com-
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plex spectrum of frequencies, and it
should be sufficient to study the radia-
tion related to this frequency.

If the momentum of the photon,
which in a medium should be assumed
to equal nho/c, is very small in com-
parison with that of the emitter, then
the law of conservation of momentum
during radiation may be expressed as
follows:

(nhe/c) cos § = AE/v 1)

where AE is the change in the kinetic
energy of the emitter, and v is its
velocity. From this ratio we obtain the
magnitude of the change in the momen-
tum of the system.

The change in kinetic energy is ap-
parently determined by the energy of
the radiated photon #%e and the change
in the internal energy of system %,.

AE = fio & hiwo (2)

The term %o, should be taken with a
minus sign if, when emitting the photon,
the system passes from a higher energy
level to a lower one—that is, if the
energy of the emitted photon is supplied,
partly at least, from excitation energy.
The plus sign should be used if the
system becomes excited in the process
of emission that is, if the kinetic en-
ergy is spent both on radiation and
excitation.

By combining Egs.
obtain

1 and 2, we

(nw/c) cos 6 = (0 =& w)/v

3)

Factor # has been canceled out, and
the equation does not, indeed, contain
anything of a specifically quantum
nature. The same result is also obtained
from classical wave analysis.

In Eq. 3 we can distinguish three
cases.

1) Let us assume that

(nv/c) cos 9 =1

“)

Then Eq. 3 is satisfied only if o, = O.
This is precisely a case of Vavilov-
Cherenkov radiation, while Eq. 4 is
a well-known condition determining the
direction of emission of light for this
radiation. The natural frequency v, = 0
required for bringing Eq. 4 into effect
means that the moving system should
contain a source of time-independent
electromagnetic field (an electric charge,
a constant dipole moment, and so on).
Consequently, for the Vavilov-Cherenkov
radiation to take place it is necessary
that the constant component of the field
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should differ from zero. In this case,
Eq. 4 yields the relation between angle
and the radiated frequency, inasmuch as
the index of refraction n(e) is a func-
tion of frequency.

2) Suppose now that the left-hand
member of Eq. 4 is less than unity.
Then Eq. 3 may be satisfied only if o,
has a minus sign—that is,
W~ Wo nyv
T

n—:coso?: cos 9 < 1 (5)
This is nothing else but the Doppler
condition for a source of light in a
moving medium. It was obtained by
Lorenz when he was studying the optics
of moving media.

Equation 5 may evidently be ex-
pressed in the following ordinary way:

wo

“ET= (nv/c) cos 6 (52)
It determines the frequency when the
component of the velocity along a ray,
v cos §, is less than the phase velocity
of light ¢/ n for frequency .

Equations 5 and 5a differ from the
usual Doppler condition for a source of
light moving in a vacuum only in that
the velocity of light in a vacuum has
been replaced by the phase velocity c¢/n.
If v is small in comparison with the
phase velocity of light, and if the dis-
persion of light is not great in the
range of frequencies close to w,, this
does not lead to anything fundamentally
new. There is only a change in the
absolute magnitude of the Doppler shift.
It is obtained as if for light moving
in a vacuum at a velocity equal to nv,
or n times greater.

If the dispersion of light in the
medium is great, important peculiarities
arise. The presence of dispersion should

" not be ignored in any medium when the

velocities of motion are comparable to
the phase velocity of light. Indeed, with
n constant, and for § = 0, the quantity
(nv/c) cos 6 would tend toward unity
with an increase in v, while o, as can
be seen from Eq. 5a, would tend toward
infinity. At still greater velocities, the
inequality sign in Eq. 5 would not be
valid, and consequently there would be
no solution. As a matter of fact, the
refractive index of any medium becomes
practically equal to unity at sufficiently
large values of ». Hence the Doppler
frequency in this case is the same as it
would have been in a vacuum—that is,
it is certainly finite. In other words, at
any velocity v and any value of 4, Eq. 5
will have a solution. Moreover, as is
shown below, there may not be one but

several solutions (6, 7) (“complex”
Doppler effect).

3) The third case takes place when
the left-hand member of Eq. 4 is greater
than unity. Then a plus sign should
appear before o, in Eq. 3, and thus

ne W + wo
—COS § = ——
c v

cos o> 1 (6)
This is a generalization of Doppler’s
formula for the case when the velocity
of the emitter exceeds the phase velocity
of light for a radiated frequency (6,
18, 19). It determines the “superlight”
Doppler frequencies. Like the Vavilov-
Cherenkov effect, the superlight Doppler
frequencies appear when the velocity
exceeds some threshold velocity. They
are radiated simultaneously with ordi-
nary frequencies, but only at sufficiently
high velocities and within some range of
acute angles.

It can be seen from the above quan-
tum analysis that the plus sign at o,
in Egs. 2 and 6, respectively, means
excitation of the system. Hence radia-
tion of superlight photons occurs not
during the transition from the higher—
that is, excited—state into the lower
state, as in a general case, but quite the
contrary, from the lower into the higher
state, the energy being supplied from
the kinetic energy of the translational
motion of the system (I8). Such a
radiation, accompanied by excitation of
the system, should take place spontane-
ously if the system is in the lower energy
state. This is likewise possible as a
spontaneous transition of the system
from the higher energy state into the
lower, accompanied by emission of
photons with a frequency satisfying
Eq. 5. As a matter of fact, the transition
occurs in either case between the same
energy states, and the question as to
which of them takes place spontaneously
is wholly determined by the initial state
and the requirements of the conserva-
tion laws. In this case Eqgs. 5 and 6 are,
in equal degree, consequences of these
laws.

The question regarding the Doppler
effect in a refractive medium may also
be considered within the framework of
classical physics. From the viewpoint
of classical physics, the results are in-
terpreted as follows. Oscillations with
natural frequency o, bring about the
appearance of radiation with frequencies
which depend on the direction of propa-
gation. It forms a spectrum of Doppler
frequencies, which may be of two types.
There is always a spectrum of radiation
with frequencies satisfying Eq. 5, whose
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reaction on the emitter causes its damp-
ing. Under certain conditions, another
spectrum with frequencies satisfying
Eq. 6 appears, in addition to the first.
The reaction of radiation of these fre-
quencies promotes the building up of

oscillations. If damping prevails over
building-up, oscillations will not arise
by themselves in a system for which the
classical formulas are correct, and if
oscillations existed in the beginning, they
will be attenuated.

In a quantum system the situation is
fundamentally different. The processes
of quantum radiation should be con-
sidered separately for spectra of both
types. Therefore, if a process cor-
responding to Eq. 6 is possible, it is
certain to take place—that is, the system
will become excited owing to its own
kinetic energy, will radiate light, and
will pass in the usual way to the lower
state. In principle, a two-photon mech-
anism is also possible, photons of both
types being radiated simultaneously.
Hence, as in the Vavilov-Cherenkov
effect, a system possessing a natural fre-
quency of oscillations will spend its

kinetic energy on radiation at superlight .

velocity (18, 20).

This can be formulated in the follow-
ing way. As is well known, motion at a
velocity greater than that of light is
impossible in a vacuum. It is possible
in a medium, but nature does not lift
its ban completely. Any system capable
of interacting with radiation will slow
down at a superlight velocity by radiat-
ing light.

A

7
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Radiation Thresholds

It is evident from the above analysis
that the radiation spectrum is deter-
mined by the velocity of motion of the
system, v, its natural frequency, o, and
the phase velocity of light, ¢/n, in a
medium in which the radiation is
emitted. Both the Vavilov-Cherenkov
effect and the Doppler superlight effect
are possible, as can be seen from Egs. 4
and 6, if vn(w)/c > 1. This obvious
condition for the threshold of their ap-
pearance means that the velocity of
motion should exceed the phase velocity
of light.

This statement, correct for an iso-
tropic medium, determines the threshold
of emission of light of a given frequency
o for which the refraction index equals
n(e). As the refraction index depends
on frequency, the threshold is different
for another ». This justifies raising the
question in another way: Under what
condition do the Vavilov-Cherenkov
effect and Doppler superlight effect
generally become possible in a given
medium (21)?

During radiation in a medium there
is yet another peculiarity which likewise
appears under certain threshold condi-
tions.. It consists in the following. Equa-
tion 3 and, naturally, its sequels Eqs. 4,
5, and 6, are not linear with respect
to o. As a matter fact, they contain
the refraction index n(w»), which is
a function of the radiated frequency.
As a result, not one but several values
of o, satisfying Eq. 3, are possible in

Wo

Q

Fig. 1. Conditions for the appearance of the complex Doppler effect.
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some cases for given values of 6, v,
and o,. This means that several com-
ponents of different frequency may be
radiated simultaneously in a given direc-
tion. The appearance of such additional
frequencies—that is, of the so-called
complex effects of radiation—is possible
only under certain conditions. They
may arise not only in the superlight
Doppler effect and Vavilov-Cherenkov
radiation but also in the ordinary
Doppler effect subordinated to Eq. 5.

L. I. Mandelshtam was the first to
draw attention to the fact that the con-
dition under which the complex Doppler
effect appeared (6) was related to the
magnitude of the group velocity of light.
The statement proved to be of a general
nature (7).

If we consider radiation in the direc-
tion of motion, then in all the enumer-
ated cases the condition for appearance
of the radiation or of its new com-
ponents is that the velocity of the
emitter should equal the group velocity
of light for a frequency which may
radiate (that is, which satisfies condition
3). This threshold frequency should
evidently satisfy Egs. 4, 5, or 6, depend-
ing on the kind of radiation under
consideration.

It is well known that in a refractive
medium the transfer of radiation energy
occurs not with the phase but precisely
with the group velocity. Thus, it is not
surprising that the group velocity of
light is of importance for the processes
of radiation in a medium.

The fact that the radiation threshold
is connected precisely with the group
velocity can be explained by some
simple qualitative considerations. Let
us assume that the conditions for ap-
pearance of the radiation have been
fulfilled. Radiation arises and carries
energy away from the emitter. Suppose,
furthermore, that the velocity of motion
changes and approaches the threshold
velocity. When the threshold is attained,
the radiation should disappear—that is,
removal of energy from the emitter
ceases. When the velocity of motion
equals the group velocity of light, this
will actually take place, since there oc-
curs simply a transfer of energy together
with the emitter.

The condition of appearance of the
complex effect may be easily determined
by analyzing the chart in Fig. 1. The
curve in Fig. 1 represents dependence
of the magnitude of wave vector

k(0) = on(ew)/c

on the frequency for some. imaginable
medium. In addition to curve «(o),
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Fig. 1 contains three straight lines whose
equations are

a = /v cos 6§ 7)
a = (@ — wo)/Vv cos ¢ (8)
a: = (0 + w)/v cos 6 9)

The points where the straight lines
cross the curve seem to determine at
once the frequencies satisfying Eqs. 4,
5, and 6, respectively.

The tangent of the angle of incline of
the straight lines a,, a,, a, to axis o
apparently equals 1/v cos 6. Let us
assume, in accordance with Fig. 1, that
cos § > O—that is, 0 < =/2.

The nature of the intersections of the
straight lines a with curve k(o) may
differ. If we move along the straight
line in the direction of increased o, the
straight line may go over at the point
of intersection from the region under-
lying the curve (region I) into the re-
gion above the curve (region II). This
takes place if the slope of the tangent to
curve k(w)—that is, dx/do—is less
than v = 1/v cos 6 (see, for example,
point 4; on the straight line q,). On
the contrary, if d«/de > 1/v cos 6,
then there is a transfer from region II
into region I at the point of intersection.
Finally, dx/de = 1/v cos 8 takes place
at the point of tangency.

As can be easily proved, the slope of
the tangent to curve (o) is equal to the
reciprocal of the group velocity of light.
Indeed, when there is no absorption, the
group velocity W, as is well known,
satisfies the relationship

1 _de_1d o 1 dn

W—-dw—- (wn)—-c(n+w—aw—) (10)
Hence, the group velocity of light for
frequencies that can be radiated is re-

lated to the velocity of motion v and
cos 6 by the relationships (22):

(vecos o)/ W <1
transition from I into II (11)

(vcos )/ W > 1

transition from II into I (12)
(vcosg)/ W =1
tangency (13)

At a sufficiently high value of o the
quantity W becomes equal to c¢. Indeed,
the refractive index tends toward unity,
and hence curve x(w) = on/c ap-
proaches a straight line with a slope of
1/¢.

The straight lines a rise more abruptly
since v < ¢, and consequently 1/v cos 6
> 1/c. Hence, all three straight lines
a are, at great o, in region IL

This entails a number of conse-
quences. First of all, it is evident that
the straight line a, will necessarily cross
curve k(o) ; that is, Eq. 5, as has already
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been noted, must always have a solution.
As a matter of fact, the straight line a,
passes through point o = o, lying on
the abscissa, which means that the
straight line must go over somewhere
from region I into region II. Moreover,
it means that at any rate a frequency is
radiated for which inequality 11, cor-
responding to a transition from region 1
into region II, is applicable.

The straight lines a, and a,, as might
have been expected, do not always cross
curve k(w). For them not to cross re-
quires that their incline to the abscissa
should be sufficiently small. This means
that the velocity should be high and that
angle ¢ should not be large.

At great o both these straight lines
also prove to be in region II. It follows
from this that if there are crossings,
then, at any rate, the last of them which
determines the highest of the radiated
frequencies corresponds to a transition
from region I into region II. The re-
sult is then, again, that there is a fre-
quency in the radiation for which
inequality 11 is valid. For forward radi-
ation, that is, § = 0, this means that
there is a component for which v < W,
and, consequently, that for at least a
part of the radiation, energy is propa-
gated at a higher velocity than that of
the source of light (Eq. 5).

a)

It also follows from the above dis-
cussion that if there is a frequency satis-
fying condition 12 (for instance, cor-
responding to point B, on the straight
line a,, the composition of the radiation
will infallibly be complex, since there
must be a frequency or frequencies sat-
isfying condition 11. (In the general
case the number of possible crossings
for the straight line a, is always odd,
and for the straight line a, always
even.)

The boundary of the appearance of
radiation or of new components of
radiation is evidently represented by a
case where the corresponding straight
line a begins to touch curve x(w). This
means the fulfillment of Eq. 13. With
f = 0 we obtain, in agreement with the
above, v = W for the threshold fre-
quency.

The dotted line in Fig. 1 corresponds
to the threshold of appearance of the
complex effect for the ordinary Doppler
effect. As shown in the figure, the fre-
quency begins to split when the slope
of the straight line a, increases in com-
parison with that of the dotted line. This
means that the complex Doppler effect
arises in this case not when the velocity
increases in comparison with the thresh-
old velocity but, quite the contrary,
when it decreases or when the angle

Fig. 2. Vavilov-Cherenkov effect in a medium with a positive group velocity: (a) radi-
ation of energy, (b) absorption of energy; at negative group velocity: (c) radiation of

energy, (d) absorption of energy.
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becomes larger. [It is worth recalling
that the tangent of the incline of the
straight line a: equals 1/(v cos 4).] This
is explained by the fact that the complex
Doppler effect takes place here only
within some range of velocities or
angles, and the dotted line corresponds
to the upper, and not the lower, thresh-
old of the effect.

It has been assumed up till now that
angle § is acute—that is, that the prod-
uct v cos § is positive. The statements
made above regarding the complex
Doppler effect may also be applied to
the case of obtuse angles #, but in this
case negative group velocity will have
to be taken into consideration. It ap-
pears that the threshold for the appear-
ance of the complex Doppler effect,
with § > 7/2, is determined by Eq. 13.
The quantity cos 6 is negative in this
case; therefore Eq. 13 is valid only when
the quantity W is less than zero. The
import of negative group velocity for
the Vavilov-Cherenkov effect was first
investigated by Pafomov (14, 17) who
pointed out that such a case should be
real in anisotropic media (23). This is
a very interesting case. We are ac-
customed to the idea that the Vavilov-
Cherenkov radiation is directed forward
at an acute angle. This is, however,
correct only if the group velocity is
positive. If it is negative, the picture is
quite different.

Figure 2a shows schematically the
ordinary case of Vavilov-Cherenkov
radiation. The phase velocity for radi-
ated light, u = c¢/n, forms in this case
an acute angle § with the direction of
velocity v. The equation of electro-
dynamics also permits of the solution
schematically represented in Fig. 2b.
The direction of phase velocity—that is,
the direction of wave propagation—
forms in this case, too, the same acute
angle # with a velocity vector. The
waves do not, however, come from the
emitter, but towards it. The first case
is interpreted as a radiation of waves,
and the second, as their absorption.
If there is no source of energy feeding
the waves, flowing to the emitter, then
the case of Fig. 2b is not realizable and
the corresponding solution is rejected.
But this is correct only if the group
velocity is positive—that is, if its direc-
tion coincides with that of phase velocity
(see vector W in Figs. 2a and 2b). The
direction of the energy flux coincides in
this case with the direction of phase
velocity and, consequently, Fig. 2a
really corresponds to the radiation of
the waves, and Fig. 2b, to their absorp-
tion. In a medium with a negative
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group velocity, vector W is so directed
as to meet vector u (the medium is
considered optically isotropic, and
hence vectors u and W may be only
parallel or antiparallel). Therefore,
with W < 0, Fig. 2c¢ corresponds to
radiation of energy, and Fig. 2d, to
absorption of energy. Hence, if the
group velocity is negative, the direction
of the energy flux of the Vavilov-
Cherenkov radiation forms an obtuse
angle 6, = w—0 with the direction of
the velocity, and the motion of the
waves is directed not from the particle
but, quite the contrary, toward it (24).
A similar analysis can also be made of
an emitter with a natural frequency w,,
moving in a medium with a negative
group velocity (7, 14).

It can be seen from the above dis-
cussion that many substantial peculiari-
ties of radiation in a refractive medium
are actually related not only to the
magnitude of the phase velocity of light
but also to the group velocity of light.
It imay be expected that the role of the
group velocity of light will reveal itself
most distinctly in anisotropic media in
which the directions u and W form
some angle with one another.

Radiation in Optically
Anisotropic Media

Radiation of a light source moving
in a crystal should possess a number of
features as compared with that in iso-
tropic media. Interest in this range of
problems has increased recently, in con-
nection with studies of the processes in
plasma (25). As to propagation of
waves, a plasma placed in a magnetic
field is similar to a uniaxial gyrotropic
crystal.

The Vavilov-Cherenkov effect in
crystals was first investigated theoretical-
ly by V. L. Ginzburg (26) and then by
other investigators (see, for example,
4). It has not, however, been studied
experimentally to this day.

The equation determining the radia-
tion frequency o remains the same as
in an isotropic medium—that is, o is
determined by Eq. 4. The magnitude of
the index of refraction » in the case of
an anisotropic medium depends, how-
ever, not only on the frequency of light
but also on the angle and polarization.
The result is that for the Vavilov-
Cherenkov radiation the cone of normals
to the wave surfaces is not circular in
this case, as in an isotropic medium, but
may have quite an odd shape. Thus,
the direction of velocity does not

necessarily coincide with the axis of the
cone and in some cases may even lie
beyond the cone (17).

Another peculiarity is related to
polarization of the light. The Vavilov-
Cherenkov radiation is always polarized.
As a rule, polarization of light in this
phenomenon does not attract attention,
since it has not been used so far in
present-day practical application of the
radiation. However, from the viewpoint
of the mechanism of the phenomenon,
polarization is highly important. It is
worth mentioning, for example, that the
radiation of a magnetic charge, if it
exists at all, could be distinguished at
once from the radiation of an electric
charge, since in this case the magnetic
and electric vectors change places. The
question of polarization of light is also
of importance for the quite real case of
radiation of dipoles and multipoles,
though it has not yet been studied ex-
perimentally.

The role of polarization is manifested
most distinctly in an anisotropic medium.
First of all, one can obtain here, de-
pending on the polarization of the
radiated light, not one but two cones
of wave normals corresponding to so-
called ordinary and extraordinary rays
in a uniaxial crystal. Moreover, the
distribution of the radiation intensity is
a complex function of the angles and
is related to polarization of the light.
The fulfillment of condition 4 does not
suffice to bring about radiation, since
the intensity of the waves of a given
polarization may prove to equal zero.
For example, if a particle moves in the
direction of the axis of a uniaxial crystal,
the cone of ordinary rays must dis-
appear in the radiation (4).

The third peculiarity is related to the
fact that in an anisotropic medium the
direction of the ray—that is, the direc-
tion of a narrow beam of light—does
not, generally speaking, coincide with
the normal to the wave surface. There
exist such directions of rays in a crystal,
for which the normal to the wave sur-
face forms some angle o with the ray
(see Fig. 3).

The velocity at which the phase of
the wave propagates in the direction of
the ray, as can be seen from Fig. 3, is
1/cos « greater than the phase velocity;
that is, ' = u/cos @ = ¢/n cos a. We
shall call u’ the velocity of the waves
along the ray. It should not be con-
fused with the group velocity of light—
that is, with the velocity of transfer of
light energy which, naturally enough,
is also directed along the ray. The
group velocity equals velocity u' only
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under the condition that there is no
dispersion of light in the medium. In-
deed, the velocity of the waves along
the ray does not depend in this case on
frequency, and hence the group of
waves moves with the same velocity.

The velocity of the waves along the
ray is important for radiation in aniso-
tropic media. Let us consider in this
connection the threshold velocity for the
appearance of the Vavilov-Cherenkov
effect. The assertion that the Vavilov-
Cherenkov radiation for a light of fre-
quency o arises at a velocity greater
than the phase velocity of light with
the given frequency implies that the
medium is isotropic. If this statement
be considered applicable to anisotropic
media (as will be seen below, it is not
always applicable), it is necessary, at
least, to indicate with which direction
of the phase velocity the velocity of
motion is to be compared.

Equation 4 [(nv/c) cos § = 1] is
also valid for anisotropic media, and in
this case ¢/n = u is the phase velocity
for the given direction of the normal
to the wave, forming angle 6 with
vector v. As is well known, when the
velocity approaches threshold velocity
in an isotropic medium, § decreases to
zero—that is, the cone of wave normals
is compressed in the direction v. In a
crystal, the cone of wave normals is
likewise compressed, in this case toward
some axis which as a rule does not,
however, coincide with v. If this axis
is represented by the direction of the
velocity, the threshold § = 0, and then
we obtain from Eq. 4 that v = c¢/n
where ¢/n is assumed for the direction
u = (¢/m) coinciding with v. Hence,
v = u. This relationship actually proves
to be correct for boundary velocity in
the usual cases of motion in a uniaxial
crystal parallel or perpendicular to the
optical axis. It has not, however, been
stressed that it cannot always be applied.

It may be shown that the general
condition for the appearance of the
Vavilov-Cherenkov radiation of fre-
quency o should be formulated in the
following way. The threshold velocity
of the source of light should equal the
velocity of waves along the ray in the
direction of motion. In other words,
the threshold velocity v = w’. For the
threshold velocity, the direction of the
ray coincides with v and not the normal
to the wave, which forms an angle «
with v. Hence, in the general case, the
threshold value is § = a.

In a special case, when the direction
of the ray coincides with the wave
normal in an anisotropic medium-—that
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Fig. 3. Direction of a ray in crystals forms
an angle o with the wave normal.

is, @« = 0, W' = u. Then we have v =u
for the threshold velocity. Finally, in
an isotropic medium, where the phase
velocity of light ¢/n is the same in all
directions, it is possible to go over from
vectors to scalar quantities, which means
that v = u. Hence, the well-known
statement that the velocity equal to the
phase velocity of light is the threshold
velocity has a limited field of applica-
tion. It is a special case of a more
general condition.

It is easy to explain this by using the
Huygens principle for plotting the wave
surface of radiation. This procedure is
still generally used at present to de-
scribe the Vavilov-Cherenkov effect in
an elementary way, and at the time it
was one of the guiding ideas in the
creation of the theory. This method
can easily be applied to the case of an
anisotropic medium.

The Huygens principle is frequently
used in crystalloptics to explain the
peculiarities of behavior of the so-called
extraordinary ray during the refraction
of light. The wave surface is found,
by the Huygens principle, as an en-
velope of the waves emitted from sepa-
rate points. Whereas, however, for an
isotropic medium a sphere of radius
¢ = (c/n)t is plotted around every
point, where ¢ is the time of movement
of the waves, a crystal calls for a differ-
ent approach. Of importance is the
distance covered by the wave from a
given point in the given direction of the
ray. The distance equals the velocity of
the waves along the ray, multiplied by
time t—that is, u’t. Therefore, the un-
known quantity is represented by the
envelope of the so-called surfaces of
the rays plotted around every source
of waves and determined by the equa-

-
tion ¢{ = u't.
Let us apply the Huygens principle to

the case of Vavilov-Cherenkov radiation
in a uniaxial crystal. The velocity of

the ordinary and extraordinary rays is
not the same here, and therefore, gen-
erally speaking, two cones of waves are
obtained. In order not to encumber the
drawing, they are shown separately in
Figs. 4 and 5. We have to consider each
point of the particle trajectory as a
source of waves. In this case the wave
phase is determined by the instant of
passage of the particle through a given

point. Let us assume that at moment
t = —t. the emitter was at point As;
at moment ¢t = —tf, at point A:; at
moment t = —#h, at A:; and finally, at
the moment of observation ¢ = 0, at
point Ao.

For ordinary rays, the velocity of the
waves along the ray, as in an isotropic
medium, is equal to the phase velocity
of light ¢/n and does not depend on the
direction. The surfaces of the rays are
simply spheres whose radii for points
As, Az, Ai, and Ao are (c¢/n)ts, (c/n)te,
(c/mt, and 0, respectively (see Fig. 4).
The envelope of these spheres evidently
represents a cone of circular cross sec-
tion with the apex at Ao (27). Its
generatrices lying in the plane of the
drawing are A.B and A4.B’.

According to the Huygens principle,
the directions of the rays are defined
by the radius vectors drawn from some
center of the waves to the point of
tangency with the envelope. For ex-
ample, in Fig. 4 (leff) it is AsB or A.B’,
coinciding with the generatrices of the
wave-normal cone for ordinary rays.
Thus, the radiation cone is obtained for
ordinary rays in the same way as in
the Vavilov-Cherenkov effect in an
isotropic medium. The substantial dif-
ference from an isotropic medium is
related to the polarization of light and
the distribution of intensity, depending
on it. This was not taken into account
in the construction.

From Fig. 4 it is not difficult to
determine the magnitude of the thresh-
old velocity. When the velocity dimin-
ishes, the distance between points A
decrease. The threshold case arises when
point Ao, occupies the position of A’
on the surface of the sphere. [This
case is depicted separately in Fig. 4
(right).] At lower velocities, one of the
spheres lies completely within the other
and they do not have a common en-
velope. In the threshold case, they have
only a common point of tangency A’.
Thus, evidently, (¢/n)ts = vots-—that is,
vo = ¢/n. The cone of wave normals is
compressed in the direction of velocity
v, and the wave cone transforms into
a plane perpendicular to the axis of
motion at point A% [Fig. 4 (right)].
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The Huygens principle can also be
applied in a similar way to obtain a
wave cone for the extraordinary rays
(Fig. 5). The difference lies in the fact
that surfaces of rays u'ts, w't;, and w'ts,
instead of spheres, are plotted around
points As, A:, and A:. The cone en-
veloping the surfaces with an apex at Ao
is not circular in the case shown in Fig.
Fig. 5 (leff). The generatrices of this
wave cone, A.C and A.C’, lie in the
plane of the drawing. The lines perpen-
dicular to them, for instance A4:D and
AsD’, determine the wave normals, and
their length is proportional to the phase
velocities. The vectors drawn from A4 to
the points of tangency AsF and AsF’
indicate the corresponding directions of
rays, which, as seen from Fig. 5 (left),
do not coincide with the wave normals.
It can also be seen from the drawing
that the direction of an extraordinary
ray for the Vavilov-Cherenkov radiation
in a crystal may even constitute an
obtuse angle with the direction of ve-
locity [direction AsF” in Fig. 5 (left)].

It is not difficult to determine the
magnitude of the threshold velocity for

the appearance of extraordinary rays in
the Vavilov-Cherenkov radiation, which,
generally speaking, differs from thresh-
old velocity for ordinary rays. The
threshold case occurs when the velocity
diminishes to such an extent that point
Ao coincides with point A.”. In this
case all the surfaces of the rays lie
within one another and have a common
point of tangency A”.. It can be seen
from Fig. 5, which shows a threshold
case, that the threshold value is v =
vo = w’. The wave cone then trans-
forms into plane A", D", and the wave
normal forms an angle ¢ with direction
v. By tracing what happens to the cone
of wave normals [its generatrices are
AsD and AsD’ in Fig. 5 (leff)] during
a decrease in velocity—that is, when
point Ao approaches A”«~—it is not dif-
ficult to prove that it is compressed not
in direction v but in direction AD".
Hence, in a threshold case in Eq. 4, it
may be assumed not that § = 0 but that
@ = «. Then Eq. 4 produces (nv/c) cos
a = 1—that is, actually, v = ¢/(n cos a)
=u'.

It is worth recalling that with the aid

of Figs. 4 and 5 we have determined the
threshold of appearance of light of some
given frequency «. The velocity at
which radiation generally appears is
determined by a minimal magnitude of
wave velocity of waves along the ray—
namely, #' = u'min in a given medium
for a ray directed along motion. For fre-
quency o' for which #' = u'min, the
velocity of the waves along the ray does
not depend on frequency and is thus
equal to the group velocity. Hence, we
again come to the conclusion that the
threshold is related to the group velocity.

The analysis of radiation of a system
possessing a natural frequency of oscil-
lations wo may also be applied to the
case of an optically anisotropic medium.
The same peculiarities are manifested
here as were referred to in connection
with Vavilov-Cherenkov radiation. The
connection between w, 6, v, and wo is
determined, as before, by the same
Egs. 5 and 6 as in an isotropic medium,
but now quantity » refers to the direc-
tion of a wave normal at an angle ¢
to the velocity.

The dependence of n on the direction

Fig. 4 (top). Wave cone (leff) and the threshold case (right) for ordinary rays in a uniaxial crystal. Fig. 5 (bottom). Wave conc
(left) and the threshold case (right) for extraordinary rays in a uniaxial crystal.
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leads to the fact that the connection
between 6§ and the frequency of radia-
tion » at preset natural frequency wo
and velocity v is not elementary. To
find 6, use can be made of the graphic
method suggested by V. E. Pafomov
(17) for analyzing the Vavilov-Cheren-
kov effect in crystals, by applying it to
the case of an arbitrary w. (see Fig. 6).
The figure shows a section of a surface

— —>
of wave vectors k(w) = wn/c for the
given o in the case of extraordinary rays
in a uniaxial crystal. The surface indi-
cating dependence on the direction of

vectors _K> (they are oriented along the
normal to the wave) differs from that
of refraction indices only by a constant
factor o/c (we consider magnitude o
as prescribed). Thus, for a uniaxial
crystal, the surface represents an ellips-
oid of rotation. Let us assume that axis
v is the direction of motion of the
emitter. Let us plot on axis v segment
OA of length b, which equals bo, b1,
or b:, depending on whether the an-
alysis deals with the Vavilov-Cherenkov
effect, the Doppler ordinary effect, or
the Doppler superlight effect. Then

bo = w/v (14)
b = (0 — w)/V (15)
b: = (0 + @)/ Vv (16)

At point A, which is the end of b, we
shall plot plane a perpendicular to axis
v. Let us consider the curve where the
plane crosses surface x(w) as a section
of some cone with the apex at O. The
generatrices of this cone, OC and OC’,
lie in the plane of the figure. The cone
defines the magnitude and direction of

vectors ? for light of frequency o ap-
pearing in the case under consideration
—that is, for the given kind of radiation
with preset wo and v.

Indeed, as can be seen from Fig. 6,
OA = b is a projection of vector OC or
OC'—that is, of vector « = wn(w:b)/c.
Hence,

cos § = b

wn(w, 6)
—c an

By substituting the values of 5 from
Egs. 14, 15, or 16, we obtain identical
Egs. 4, 5, or 6.

It can be seen from Fig. 6 that not
only may the cone of wave normals be
actually asymmetric but, as has already
been mentioned, axis v may even lie
outside the cone.

Plane a does not always cross the
surface of k(w). This corresponds to
the evident fact that not every frequency
is radiated for given v and wo. If b =
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Fig. 6. Graphic plotting of a cone of wave vectors for radiation in crystals.

b’ == OA'’ (see Fig. 6), the plane touches
the surface and, consequently, b’ =
04’ is a boundary for the appearance
of the given frequency o in the spec-

trum. Vector ?———that is, the wave
normal, coincides in this case with OB.
It can be easily proved that it forms
angle « with the direction of velocity,
the direction of the ray coinciding with

that of motion. If, in accordance with

this, angle § = « is inserted in Eq. 3,
we obtain the following general con-
dition for velocity vo required for the
appearance of frequency w:

©W_ 0 = w

W s
where u’ is the velocity of the waves
along axis v (positive or negative—
that is directed along v or opposite it).
In a special case of the Vavilov-Cheren-
kov radiation, wo = 0.

Radiation of a system possessing a
natural frequency of oscillations and
moving in an optically anisotropic
medium was first studied by K. A.
Barsukov and A. A. Kolomensky (28).
They elucidated a number of peculiari-
ties of radiation related to the presence
of ordinary and extraordinary rays and
the significant role of wave polarization.

It is highly interesting that this seem-
ingly more complex case appears to
present even now some interest from an
experimental point of view. Barsukov
and Kolomensky made a special study

of radiation of radio waves in the
ionosphere, which behaves like an
optically anisotropic medium under the
action of the earth’s magnetic field. It
is important that this medium possesses
strong dispersion at some range of fre-
quencies and that the complex Doppler
effect is possible in it. Kolomensky and
Barsukov have pointed out that this
phenomenon may take place in the case
of radio waves of appropriate frequency,
transmitted by an artificial earth satel-
lite moving in the ionosphere. They
found that the Doppler shift of fre-
quency of the order of 10 to 100 cycles
per second should be accompanied in
this case by splitting of the radiation
frequency into components of several
hundredths of a cycle per second apart.
Apparently, with a well-stabilized fre-
quency of the transmitter, such splitting
could be detected.

Conclusion

I have aimed to prove that there is a
wide range of problems related to the
radiation of sources of light, moving in
refractive media. Radiation of an elec-
tric charge moving at superlight velocity
in an isotropic medium—that is, the
experimentally investigated case of the
Vavilov-Cherenkov effect—is, in essence,
but a special, though a highly interest-
ing, instance in this realm of phenomena.
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Significance of Carbon-14
Dates for Rancho La Brea

Tests analyzed in the light of early field notes
emphasize the complexity of dating the several traps.

Carbon-14 datings are at last avail-
able on well-documented material from
the Rancho La Brea fossil deposits of
Los Angeles, California. These impor-
tant deposits, first scientifically investi-
gated in 1906, yielded tens of thousands
of bones of extinct animals, as well as
remains of insects and plants, and af-
forded a remarkable representation of
the Pleistocene life of the Los Angeles
Basin area. Although there has never
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been any doubt that these deposits were
accumulated in Pleistocene time, there
has been some change in thinking re-
garding the part of the Pleistocene rep-
resented (/) and its equivalent in terms
of calendar years. Several years back,
when I had occasion to conduct school
groups through the exhibit of Rancho
La Brea fossils at the Los Angeles
County Museum, the expression “ap-
proximately 50,000 years old” was used
in referring to the fossils. It has for
some time been agreed that, geological-
ly speaking, the deposits are of late
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Pleistocene age (2). Carbon-14 dating
has revealed that some “late Pleistocene”
glacial deposits are only 11,000 to 12,-
000 years old (3). Cave deposits con-
taining remains of ground sloths identi-
cal with those found at Rancho La
Brea have been given an age of 10,000
to 11,000 years (4). It has become a
matter of considerable significance,
therefore, to procure radiocarbon dat-
ings for the most prolific of all late
Pleistocene deposits—Rancho La Brea.

In 1949, tests were made at Cali-
fornia Institute of Technology by
David L. Douglas (then a research fel-
low in chemistry) in the course of ex-
perimentation with the use of ionization
chambers for measurement of low-level
carbon-14. As Douglas did not consider
his method to be perfected, and the pit
source of the wood tested was unknown,
his results were not noted in paleonto-
logical literature; they were, however,
later recorded by Douglas (5) in an
article explaining his method.

Tests have now been made on docu-
mented material, and by two labora-
tories: the Geochronometric Laboratory
of Yale University, directed by Edward
S. Deevey, and the Radiocarbon Labo-
ratory developed by Hans E. Suess at
the Scripps Institution of Oceanography
of the University of California, La Jolla.
Both laboratories tested sections from
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