case" ¢ or ¢ A study of sufficiently large X would

Am C CA+L,mtl Am = Ca+l,me)
make 1t possible to determine the probability that different morphemes are neilgh-
bors. The resultant analogy with a language text have been discussed in [3]. In
connection with the foregoing, it is of interest to calculate with a computer

the melting point of a sequence of pairs specified by means of the text of a
sufficiently long book expressed in binary form, and to investigate the inverse
problem for this case.

I am deeply grateful to I.M. Lifshitz for very useful discussions, and also
to A.I. Larkin and M.D. Frank-Kamenetskii.
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The progress attained recently in the production of perfect single crystals
and in the mastery of the millimeter radio band has made it possible to observe
cyclotron resonance in metals under conditions when the free path time is deter-
mined not by scattering from the impurities and defects of the crystal, but by
the interaction of the resonant electrons with other quasiparticles, primarily
with phonons. The most detailed studies were made on bilsmuth [1] and lead [2,
3].

Sher and Holstein have constructed a rigorous theory [4] that enables us
to calculate the cyclotron-resonance line width determined by the electron-pho-
non interaction. The electromagnetic field frequency was assumed by them to be
very high, w = nwc v wD (wc is the cyclotron frequency and wD the Debye fre-

quency). The relaxation time in this case is T v 1/w and the influence of the
Landau quantization on the scattering can be disregarded even at T = 0. Actu-
ally, however, the experiments are performed at w << wp and wt >> 1, and, as

will be shown below, at suffliciently low frequency the relaxation time of the
resonant electrons may turn out fTo be much larger than expected from the theory
of [4].

Let us consider a quasiclassical model of electron-phonon interaction at
kT << hiw, The main process determining the relaxation time will in this case
be, as is well known, the spontaneous emission of phonons by the excited reso-
nant electrons. (The residual time of the relaxation determined by the colli-
sions of the electrons with the impurities and defects of the crystal is not
taken into account.) The electron energy near the (convex) Ferml surface is
given by the formula

E =(N+1/2)bo_ + p?/2m,

The energy of an electron having p, = 0 changes by AE = ANﬁmc - q;/ZmH follow-
ing the emission of a phonon (qZ is the projection of the phonon momentum on

the magnetic-field direction).
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In the case of scattering along the mag-
netic field, the values of g allowed by the
conservation laws are determined by the inter-
section of the parabolas E(pZ, N) and of the

straight line AE = g s (s is the speed of
sound) . z

Let us consider two limiting cases.

2 I, ‘ﬁwc/mHsz >> 1 (line 1 of Fig. 1).

The electron 1is scattered by free levels ly-
ing above the Fermi level with AN >> 1, The
number of states on these levels can be
represented, as 1s usually done in the theory
of quantum oscilllations, with the aid of a
Poisson formula in the form of a sum of a
monotonic part, equal to the number of states
in the continuous spectrum, and an oscillat-
ing pagt, the relative magnitude of which for
fixed q decreases like 1/AN (in the same man-

Fig. 1. Scheme for electron- ner as the quantum oscillations of the
phonon scattering. The final thermodynamic potentials). Thus, if the pho-
states of the electron lie non spectrum has no sharp singularities in

at the points of intersection the frequency band from 0 to w, then the

of the parabolas E = quantum oscillations of T can be neglected

(N + 1/2)ﬁwc + p;/2mH and and the theory of [4] is fully applicable.
the stralght line AE = q s In this case the level width is T ~

(1 or 2). (|g - EFI/ﬁwD)3; the cyclotron-resonance line

width is determined by the sum of the widths
of the upper and lower levels participating in the resonance, and has a minimum
when the upper and lower levels are symmetrical with respect to EF’ i.e., 1/7

v (w/2wD)3 and the main contribution to the resonance 1s obviously made by the

longest-1lived electrons. This is precisely the case realized in the experiments
[1, 2, 3]t my = (L - 2)m,, s = (L - 3) x 10° cm/sec, v = 10'? - 10'2%, and AN =
10 - 100.

ITI. In this case ﬁw/mHs2 << 1 (*) (line 2 in Fig. 1) and it is necessary

to consider separately the principal resonance and the resonance with the har-
monics of the cyelotron frequency. In the case of resonance with a harmonlc
w = nwc, there are n - 1 Landau levels between the upper and lower levels taking

part in the resonance, and the excited electrons can fall on these levels 1f
they are free, and can fall from them into holes on the lower level 1f they are
occupled. The presence of only cne intermediate level suffices to make the re-
laxation time small, of the same order as in the continuous spectrum. When

n >> 1, just as in case I, the Landau quantization can be disregarded and one
can use the formulas of [4].

To estimate the width of the principal resonance, it suffices to consider
two neighboring Landau levels between which the Fermi level is located, since
the relative contribution of the other levels is exponentially small (kT << fw),
and only phonons of frequency w = wc take part in the scattering. The proba-~

bility of phonon emission 1s proportional to the density of the unoccupiled
states at the lower level and, at a fixed magnetic field, they osclllate as
functions of pZ. These oscillations are analogous to the giant quantum oscilla-

tions of ultrasound absorption. The main contribution to the resonance 1ls made
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Fig. 2. Approximate form of the frequency dependence of the relaxation
time of the electrons of the central section. (To clarify the figure,
the period of the quantum oscillations has been greatly magnified.)

Fig. 3. Possible cases of modulation of the cyclotron-resonance lines
(b and c¢) by quantum oscillations of t(a).

by electrons having maximum T and executing transitions between Landau levels
symmetrically disposed relative to the Fermi level. The dependence of the re-
laxation time on the temperature for these electrons is obviously exponential:
T Vv Toexp(hw/kT), where T¢ is the value for the continuous spectrum. Allowance
for the dependence of the cyclotron mass on P> which is usually made in the

theory of cyclotron resonance, is unnecessary here, far under realizable ex-

perimental conditions one can expect the condition (¥) to be satisfied for only
one or two pairs of levels directly on the extremal section. The character of
the T(wc) dependence for this case is shown in Fig. 2. 1In spite of the small-

ness of the number of electrons, the resonance can be strong, owing to the large
relaxation time. On the other hand, if 1t 1s possible to lower the temperature
and the residual frequency of the collisions in such a way as to satisfy the
condition (¥) for a large number of levels, then, the conditions of quantum
cyclotron resonance are apparently satisfied simultaneously [5], and the lines
corresponding to the transitions of electrons from different levels will be ob-
served, If we consider one pair of levels, then the cyclotron-resonance line
turns out to be modulated by a system of glant quantum oscillations. If the
period of the quantum oscillations 1s smaller than the line width, the observed
line will be cut up, and in the opposite case the line will depend periodically
on the frequency of the electromagnetic field (Fig. 3).

The described line narrowing can probably be observed 1in mercury at v5 GHz
at T € 0.1°K. Indeed, the frequency of mercury is at present higher by one
order of magnitude than the frequencies of the other even purest metals and
gives grounds for hoping %o obtain a residual relaxation time >10 nsec, while
the relaxation time determined by the scattering from the phonons is 0.1 nsec
at T = 1.5°K and w = 2 x 101,

The author is grateful to P.L. Kapitza for interest in the work, and to
M.S. Khaikin, I.M. Lifshitz, M.I. Kaganov, and V.S. Edel'man for a useful dis-
cussion.
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Scattering of light by light is a fundamental effect in quantum electro-
dynamics. This process has been investigated so far principally within the
framework of quantum electrodynamics without allowance for strong interactions
[1, 2]. In [3] they considered resonant scattering of light by light via
single-particle hadron states (m°, n°%, ete.). Such scattering is significant
only in narrow energy intervals corresponding to the positions of the inter-—
mediate-meson masses.

It 1s of great interest to investigate the contributions of two-particle _
hadronic states to the process of scattering of light by light (e.g., mr and KK
states). The expressions obtained in [4] for the amplitudes of the reaction
Y + vy > 7T + 7T have enabled us to calculate the s and d waves of scattering of
light by light with the aid of the method of dispersion relations. The imagi-
nary part of the amplitude of the process yy =+ yy was expressed with the aid of
the unifarity condition in terms of the amplitude of the process yy - ©T, and
the real part was reconstructed with the aid of the imaginary part from the
dispersion equation with one subtraction. The calculations were performed for
white light. The cross section of the s waves of YY * YY, corresponding to
"down" and "down-up" s waves of the process yy » mw [47], are shown in Fig. 1
(the cross sections of the d waves are smaller than the cross sections of the
8 waves at the threshold and are comparable with them in the region of the f
meson). Comparing the obtained curves with the results of [1, 2], we can see
that scattering of light by light via a two-pion state dominates in a wide range
of energles (approximately_from 300 to 900 MeV). We have calculated the ampli-
tudes of the process vy + KK and their contribution to the process yy = yy. In
the energy region under consideration, the contribution of the KK two-particle
state to the process yy » yy is negligibly small. The cross section for the
scattering of 1light by light yy - vy is shown qualitatively in Fig. 2.
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Fig. 1

Pig. 2. 1 - Hn(don/dQ) (W, 6 = n/2), 2 - un(dcYY/dﬂ) (W, 8 = 0) [11;
3 - resonant scattering of light [3]; 4 - scattering via two-pion

'S a
state (Odown-up + 07).
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