appear on the m*(D) or m*(p,) curve.

We note that although the linear impedance of the plate
in an oblique field also has a singularity upon satisfac-
tion of the conditions (48) with odd /'!); however, the
singularity here is very weak. The resonance contribu-
tion to the impedance is proportional to the square of
the small parameter §/7¢, where ¢ is the angle of in-
clination of the magnetic field to the surface of the
plate. "' In thin plates, this contribution also contains
an additional small parameter. Therefore, the singu-
larities of the surface impedance at frequencies deter-
mined from (48) at odd I have not been observed experi-
mentally to date., Of course, the dimensional nonlinear
cyclotron resonance in an oblique field gives more de-
tailed information on the electron spectrum than does
the linear case.

Consideration of the problem of the nonlinear cyclo-
tron resonance in a plate in the case in which reflection
of the electrons from the boundary is not close to spec-
ular can be carried out if we use the results obtained
above. This is to be the object of a separate investiga-
tion. Here we only note that the odd nonlinear reso-
nance has a logarithmic character and at even ! the sin-
gularity can become stronger if the parameter w7 is suf-
ficently large.
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The processes of amplification and generation of coherent phonons in ruby at a frequency 9.12 GHz
following inversion of the spin-level populations by electromagnetic pumping at 23 GHz were investigated
at temperatures 1.74.2°K. The resonant-longitudinal-phonon lifetime estimated from the threshold the

gain of the hypersound excited in a crystal is 7

#% 2X107% sec. A nonstationary effect, wherein the

hypersound gain increases appreciably under conditions when the pump line is saturated on the wing is
observed. This effect is interpreted on the basis of the thermodynamics of an electron-nuclear system
made up of the Zeeman and dipole pools of the Cr’* ions and the Zeeman pool of the A1?" nuclei.
Stationary incoherent emission of phonons is realized. It is shown that the multimode character of this
emission at the natural frequencies of the acoustic resonance and the narrow spectral radiation interval are
due to the fact that phonon generation takes place under conditions of spatial disequilibrium in the case of

a small excess above the pump threshold.

PACS numbers: 78.60.Mq

1. INTRODUCTION

In connection with the successful use of hypersound
waves in solid-state investigations, interest in the am-
plification and generation of these waves has greatly in-
creased recently. Particular attention, however, hasbeen
paid to amplification under conditions of carrier drift in
semiconductors, while amplification and generation of
hypersonic waves based on stimulated emission by im-
purity paramagnetic centers in crystals have been
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practically neglected. The gist of these effects, pre-
dicted back in the early sixties independently by
Townes, *1 Kopvillem and Korepanov, ?? and Kittel, &’
consists in the following:

A hypersonic wave in a crystal with nonmagnetic cen-
ters is resonantly absorbed, owing to the electron-pho-
non coupling, when the quantum of the elastic oscilla-
tions of the waves is equal to the spacing between the
energy levels of the center in the magnetic field. If the
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populations of these levels are inverted, then the hyper-
sonic wave is amplified rather than absorbed. If the
gain is large enough, exceeding the losses inthe crystal,
self -excitation of the hypersound becomes possible,
i.e., the conversion of incoherent photons correspond-
ing to thermodynamic equilibrium into monochromatic
elastic oscillations or into oscillations with a discrete
spectrum.

This phenomenon is similar to the well known laser
effect and can be called in analogy the phaser effect.
The phaser effect was detected by Tucker, who observed
both amplification™! and generation®? of phonons follow-
ing inversion of the populations of the spin levels of Cr®*
in ruby. Under analogous conditions, Peterson and
Jacobsen®! have registered phonon amplification for
Ni* centers in corundum, but no generation was ob-
served, although the gain, according to their dataf®’
exceeded the losses in the crystal. The results of these
investigations, obtained with imperfect hypersonic ex-
perimental techniques, constituted the bulk of the ex-
perimental data on the phaser effect.

Since amplification is observed in the inverted sys-
tem, it is of interest to ascertain whether it is possible
to obtain in such a system stationary coherent phonon
generation in analogy with cw lasers. The results ob-
tained by Tucker, ! who observed unstable oscillations
atthenoiselevel, did not make it possible to answer this
question in the affirmative, all the more since maser
experiments have shown that the inverted paramagnetic
system of ruby is capable of generating nonstationary
oscillations with a wide spectrum, ["8]

The definite progress made in the field of excitation
and reception of hypersonic waves in recent years
makes a thorough study of the phaser effect possible.
We report here results!’ of an experimental investiga-
tion of the amplification and generation of hypersound
in ruby following inversion of the spin-level populations
by electromagnetic pumping. The amplification effect
was investigated both in a stationary regime and in a
nonstationary regime, under conditions when the fre-
quencies of the signal and the pump were and were not
identical with the corresponding frequencies of the reso-
nant transitions. In the nonstationary regime, an in-
crease of the gain of the hypersound at large detunings
was observed. The nature of this effect, in which, as
it turned out, the behavior of the electron spin system
of Cr* is strongly influenced by the magnetic A1*? nu-
clei contained in the ruby crystal matrix, is explained.
Stationary coherent emission of phonons is realized and
its mechanism is explained. It is established that the
multifrequency character of this radiation is due to the
spatial disequilibrium, wherein the substantial in-
homogeneity of the elastic field of the natural modes of
the phaser acoustic resonator causes the production of
a number of independent self-oscillating systems cor-
responding to different modes and generating simultane-
ously at different frequencies.

2. FEATURES OF THE EXPERIMENTAL PROCEDURE

Phaser effects were investigated in ruby at low fre-
quencies 1, 7-4, 2 °K with the crystal pumped by a
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23-GHz electromagnetic field. X-band hypersonic waves
were used to measure the gain. To investigate the ef-
fects, the setup illustrated schematically in Fig. 1 was
developed. Its principal elements are a ruby acoustic
resonator (5), a hypersonic converter with electrody-
namic system to match it to the transmission waveguide
line (6, 7, 8), and an electromagnetic-field resonator (4)
to pump the spin levels of the ruby.

The acoustic resonator 5 was made of ruby grown by
the Verneuil method and cut to form a round rod of 2.6
mm diameter and 17.6 mm length. Its geometrical
axis coincided within 1° with the crystallographic three-
fold symmetry axis. The end faces of the resonator
rod 5 were optically flat and parallel (the surface rough-
nesses did not exceed 0.05 p, and deviation from paral-
lelism was less than 1'"'), The material used for the
acoustic resonator contained a relatively small number
of defects that influenced the electronic spectrum of
the Cr® impurity centers and the hypersound absorption.
Preliminary measurements by the ESR methods have
shown that in this material, with a Cr’* concentration
0.28 at.%, the width of the resonance line in the signal
transition under conditions of a symmetrical level
scheme is 65 MHz. The acoustic properties of the
resonator were determined at 7'=4. 2 °K by recording
the hypersound resonances as the frequency of the con-
tinuous hypersound signal was swept in the vicinity of
9.12 GHz. The hypersound resonances correspond to
axial modes of the longitudinal oscillations and are
spaced by equal frequency intervals of 310 kHz.

To excite in the rod a pure longitudinal hypersonic
wave along a threefold axis, a piezoelectric ZnO film
of 0.35 u thickness on an aluminum sublayer 0.15 p
thick were deposited on one of its ends by vacuum evap-
oration. The film together with the electrodynamic
system served to convert!!!] the electromagnetic wave
into a hypersound wave. The same film, by virtue of
the reversibility of the piezoelectric effect, converted
the hypersound oscillations in the rod into the field of
an electromagnetic wave.

The electrodynamic system of the converter contains
a molybdenum disk with a conical aperture, through
which a thin molybdenum conductor passes through a
glass seal. The end face of the conductor is flush with
the surface of the disk and is ground and polished, to-
gether with this surface and the glass insulator, to the

FIG. 1. Phaser arrangement: 1—signal waveguide, 2—pump

waveguide, 3—coupling port, 4—electromagnetic pump cavity,
5—acoustic resonator, 6—waveguide plunger, 7—piezoelec-
tric film, 8-—conical junction.
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same accuracy as the end faces of the acoustic resona-
tor. The end face with the ZnO film was in direct con-
tact with the molybdenum disk.

The hypersound converter was matched to the trans-
mission line (waveguide) with a coaxial-waveguide junc-
tion (Fig. 1) containing a conical junction and a wave-
guide plunger, as well as inductive and capacitive match-
ing elements not shown in Fig. 1., The electronmag-
netic wave excites in the ZnO film an electric field that
is concentrated in a small region adjacent to the end
face of a thin conductor sealed into the disk. This re-
gion (disk of 0. 5 mm diameter and 0. 35 p height) serves
as the antenna to transmit and receive the hypersound
wave in the ruby crystal. Because of the high electric-
field concentration, this converter is highly efficient.
The loss to the double conversion does not exceed 30 dB
in a frequency band of approximately 100 MHz.

The acoustic resonator is placed in the electromag-
netic pump resonator. The pump resonator is cylindri-
cal, of type Hy, (magnetic field antinode along the axis).
The coupling of the resonator with the waveguide is dif-
fractive, through an opening in the side wall. At tem-
peratures 1. 7-4. 2 °K, the loaded @ of the pump reso-
nator with the ruby rod was 10%,

To measure the resonant absorption and amplification
of the hypersound we used the standard echo-pulse
method. The pulse duration was 0.5-1 psec, and the
pulse repetition frequency ranged from 300 Hz to 10
kHz. These measurements were performed in a linear
regime, at a low intensity of the hypersonic wave, when
no effects of the saturation of the signal transition by
hypersound manifest themselves. To investigate the
spectral composition of the stimulated hypersound radi-
ation, when working in the generation regime, we used
an X-band spectrum analyzer with a resolution of 20kHz.

3. AMPLIFICATION OF THE HYPERSOUND

The investigation of the amplification and of the gener-
ation (Sec. 5) was carried out mainly under conditions
where the spin-level scheme of the impurity Cr®* ions
was symmetrical, when the magnetic field H was di-
rected at an angle 6=6,=54°44" to the trigonal axis of
the crystal. In this case, as is well known, the pump-
ing efficiency is maximal for the transitions 1-3 and
2-4 (the levels are numbered in order of increasing en-
ergy). The gain is the result of induced transitions be-
tween levels 2 and 3 when the longitudinal hypersonic
wave propagating along the trigonal axis interacts with
the spin system of the Cr® in the ruby. According to
data obtained by the acoustic paramagnetic resonance
method, “2! the matrix element of this interaction, which
depends on 6, has an obtuse maximum at 6=6,. In ad-
dition, in a symmetrical level scheme, i.e., in the case
of push-pull pumping, the inversion coefficient necessary
for the investigation of the gain in the below-threshold
regime and to attain the generation regime can become
relatively large.

With increasing pump power delivered to the resona-
tor with the crystal, the resonant absorption of the hy-
personic wave in the crystal gives way to amplification.
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The amplification manifests itself in a decrease of the
total hypersound absorption coefficient o, and is ac-
companied by an appreciable increase of the number of
observed hypersound echo signals (Fig. 2).

Using the known expressions for the coefficient of
resonant hypersound absorption™?! and taking into ac-
count the inversion of the populations of levels 2 and 3,
we can write the expression for a, in the form

2n*(v*)*[g(v*) I’NF s,

e =An—A=0p—1
(25+1) pv’ksT !

M

where a, is the coefficient of the nonresonant losses of
the hypersound (in the absence of a magnetic field), «

is the gain of the hypersound, Iis the inversion coef-
ficient, v°is thefrequency of the hypersound signal, g(v*)
is the line shape of the acoustic paramagnetic resonance
with the signal transition, N is the concentration of the ac-
tive paramagnetic ions, S is the spin of the ion, p is the
density of the crystal, v is the propagation velocity of the
signal hypersound wave, kg is Boltzmann’sconstant, T is
the temperature, Fy, = [(¥; |3G33(3S2 = S(S+1) |¥,)! is the
modulus of the matrix element of the spin—phonon inter-
action Hamiltonian, “?! G,, is the component of the spin-
phonon interaction tensor, |¥,) and |¥;)are the wave func-

b
FIG. 2. Amplification of hypersound following inversion of
the populations of the spin levels in ruby. Sequences of hyper-
sound echo pulses obtained in the amplification regime (upper
oscillograms) and without amplification (lower oscillograms).
Sweep duration: 200 psec (a) and 2 msec (b).
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tions belonging to the levels of the signal transition, '
and S, is the operator of spin projectionon the zaxis,
which coincides with the trigonal axis of the crystal.

The values of @ measured in the pulsed regime?’
agree well with (1). Under conditions when the pump
transitions are fully saturated in a resonant field H%
=3920 Oe, the hypersound gain is 0.6 dB/cm at 1. 7°K
and decreases monotonically, « 7"!, when the tem-
perature is increased to 4.2 °K. Substitution in (1) of
the values 7=3.3, "% 1 $-9.12 GHz, g(v§)=10" Hz™,
N=1.3-10"cm™, §=%, p=4g/cm®, v=1.085 cm/sec,
T=1.7°K, and Fy, =5 cm™ 2! yields a =0.62 dB/cm.

We measured also the frequency dependences of the
gain. In these measurements, the angle 6 and the mag-
netic field were fixed: 6=6, and H=3920 Oe. Ata
small acoustic length I, whenal<1, the gain bandwidth
is close, in accordance with (1), to the width of the
signal transition, approximately 65 MHz. With in-
creasing /, i.e., in the case of multiple reflection of
the hypersound beam from the ends of the rod, a notice-
able narrowing of the amplification band is observed,
due to the same causes as in ordinary electromagnetic
traveling-wave masers, ®*! for under our conditions
the amplification of the hypersound takes place in fact
in a traveling-wave regime (the relation Tv<[y« ! is
satisfied).

With increasing hypersound intensity, the gain de-
creases because of the saturation of the signal transi-
tion., At a pulse duration 1 usec and a repetition fre-
quency 10 kHz, the saturating intensity of the hyper-
sound is # 2 mW/cm?,

By increasing the pump power or by lowering the
temperature (in the absence of a saturation margin for
the pump transitions) it is possible to obtain a below-
threshold regime in which a= @, and the total absorp-
tion a, is quite small. In this case the hypersound
pulse stays in the crystal for a long time and experi-
ences numerous reflections from the end faces. The
oscillograms of Fig. 2 correspond in fact to the pre-
threshold regime. We see here a sequence containing
more than 600 hypersound echo pulses, corresponding
to a hypersound-pulse lifetime on the order of 2 msec.
From this we can determine the absolute magnitude of
the nonresonant absorption of the hypersound. It should
be noted that the ordinary echo-pulse method does not
make it possible to measure the nonresonant-loss coef-
ficient ¢, at low temperatures. This quantity is usually
determined as a measure of the monotonic decrease of
the amplitude of the echo signals with decreasing acous-

. tie-path-length. "At low temperatures, however, a, is

quite small and the decrease of the echo pulses is not
monotonic. It is determined principally not by the ab-
sorption of the hypersound in the sample, but by the
distortion of the phase front of the hypersound wave in
reflections from the boundaries of the sample and by
scattering from the defects of the crystal structure.

Measurements of the gain in the subthreshold regime
have shown that @,<0.2 dB/cm at T=4.2°K. From
this we can find that the lifetime of the resonant longi-
tudinal phonons in the acoustic resonator is 7,,2 2
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%107 sec. The ultrasound losses that give rise to 7,
are connected with absorption in the volume of the crys-
tal and in the converter, which is in good acoustic con-
tact with the crystal, and also with the escape of the
phonons to the helium reservoir. Therefore the ob-
tained time 7,, can characterize only the lower limit

of the lifetimes of the resonant phonons in ruby at low
temperatures,

It is important to note that even this lower limit 7,
obtained directly from the value of the threshold gain,
exceeds by more than two orders of magnitude the life-
time of the resonant phonons with which one usually
deals in the interpretation of experiments on paramag-
netic relaxation under conditions of the phonon bottle-
neck, where it is assumed that 7,,= 1'/2v (I’ is the char-
acteristic dimension of the crystal, and at I’ =0.1 cm
we obtain 7,107 sec)!'8? This circumstance points to
the need of reviewing the existing notions concerning
the single-phonon process of paramagnetic relaxation at
low temperatures.

4. NONSTATIONARY EFFECT IN HYPERSOUND
AMPLIFICATION

1. The value of the gain in the nonstationary region
(Sec. 3) depends only on the modulus of the detuning
Av®=p*®-vp; of the signal frequency v * relative to the
quantity v§ corresponding to the splitting of the signal
levels (2, 3) in the resonant pump field H§, anddecreases
rapidly with increasing |Av®|. The stationary char-
acteristics of the gain are preserved also in the case of
slow variation of the magnetic field in the vicinity of the
signal resonance, at a rate |9 H/¢| < 2-3 Oe/sec.

In the case of fast variation of the magnetic field
with | 8H/8¢ |~ 20 — 200 Oe/sec, a nonstationary effect
was observed, consisting of an appreciable increase of
the hypersound gain a (at large detunings of the signal
frequency) in comparison with the stationary value of
a (at the same values of the detuning). Quantities per-
taining to the stationary and nonstationary regimes will
be labeled “st” and “ns, ” respectively.

The conditions for the appearance of the nonstation-
ary effect are shown in Fig. 3. Let the signal frequen-
cy v ¢ deviate from v in such a way that Av®<0. The
effect appears if the initial value of the magnetic field
is set at a point H®> H3, and then the field is rapidly
decreased and passes through the resonant pump and
signal region. If the sign of the detuning is reversed,
i.e., if Av*>0, the “correct” preliminary setting of
the field needed for the effect to appear is reversed:
HP<H%. 1In this case an increase of the gain in com-
parison with the stationary regime takes place if the
field is rapidly increased and passes through the reso-
nance region of the pump and of the corresponding sig-
nal. In both cases, the condition for the realization of
the nonstationary effect is that after setting the field at
the point H® (at which point the field must remain fixed
for a time on the order of 10 sec or more), the passage
through the region of the pump line width is fast and
precedes the passage through the signal line, when the
gain is registered. Getting ahead of ourselves, we in-
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FIG. 3. Amplification of hypersound in nonstationary re-
gime. The numbers next to the resonance curves a(H) indi-
cate the rate of passage of the magnetic field 10H/8t | . The
solid and dashed curves were obtained at 8H/8¢> 0 and 9H/dt
<0, respectively. The light arrows indicate the positions of
the points H®, at which the magnetic field was fixed for a time
2 10 sec prior to the start of the passage. The signal fre-

quency detuning is AvS =+ 110 MHz (a) and Av =% 250 MHz (b).

dicate that fast passage through the region of the peak
of the pump line is the cause of the effect, whereas
fast passage through the signal region is needed only to
have time to register the effect.

The most typical experimental data, obtained at T
=4.2 K, H%=3920 Oe (corresponding to v4=23 GHz),
6=16y, and a pump-field intensity in the sample 2H,
=0. 5 Oe (which provides a margin of more than 20 dB
for saturation of the pump transitions when the pump
line is saturated at the center) are shown in Figs. 3
and 4.

We consider first the case of a detuning Av*=~110
MHz (Fig. 3a, on the left). The resonance of the signal
H® is shifted relative to the resonance of the pump H%
towards weaker fields—and accordingly an increase of
the magnetic field in the nonstationary regime (| 9H/ ¢t |
=200 Oe/sec) yields practically the same gain (solid
line) as in the stationary regime (the curves for the sta-
tionary regime are not shown in Fig. 3). On the other
- hand, if the passage begins from the region of strong
fields, then the point H® at which the variation of the
field begins lies in this case on the opposite side of the
position of Hj relative to H*®—accordingly the amplifi-
cation in the nonstationary regime (dashed) turns out to
be much larger in this case than when the field is in-
creased in the same nonstationary regime, or when the
field is varied in either direction in the stationary re-
gime. In this case, as seen from Fig. 3a the quantity
¢, is increased threefold (and is close to the value of
the gain in the absence of detuning, when a,,(Av*=0)
=, (Av®=0)). Weemphasize that under no conditions
did the gain in the nonstationary regime exceed the val-
ue a, (Ave=0).

When the sign of the detuning is reversed, i.e., at
Av®=+110 MHz (Fig. 3a, right side), the situation is
correspondingly changed: the gain in the nonstationary
regime increases only when the field is increased, i.e.,
again after passing through the region of the top of the
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pump line, inasmuch as the reversal of the sign of Ay ¢
is accompanied by change of the relative positions of
H% and H®,

The results of measurements at detunings Ay ¢=+ 250
MHz (Fig. 3b) are even more interesting. In the non-
stationary regime, in the case of an “incorrect” choice
of the position of H® as a result of the large detuning
(which exceeds the signal-line half-width 32 MHz by al-
most one order of magnitude) there are not even any
symptoms of amplification. Indeed, the solid lines at
Av®=-250 MHz and the dashed lines at Ay *=+ 250 MHz
were obtained at maximum pumping, but within the lim-
its of the measurement accuracy (10%) they do not dif-
fer from the line of the usual acoustic parametric reso-
nance without pumping. Curves of the same type are
obtained also in the stationary regime at Av*®+250 MHz
(the acoustic parametric resonance and the stationary
regime are not shown in Fig. 3). If the position of H®
is “correctly” chosen, however (i.e., at 6H*Av*<0,
SH?Av*S 0, where 0H*=H® - H®, 6H’=H®- H?), an
appreciable amplification is obtained with an inversion
coefficient 7 ,,~1 (at | 9H/3f | =200 Oe/sec). It is quite
typical that at | 9H/3f | =20 Oe/sec a distortion of the
gain line is observed, due to the decrease of I,;, during
the course of passage through the signal line, and it is
important that the decrease of I, takes place precise-
ly in the same direction as the variation of the magnetic
field. This circumstance makes it possible to esti-
mate directly the nonstationarity time £,,. Besides this
method of determining £,, we used also a somewhat dif -
ferent procedure: the magnetic field, initially fixed at
the point H ", was changed in a small step to the value
H * (of course, under conditions when the nonstationary
effect took place) and was fixed at the point H®. The
time during which the value of a changed from «, to
a,, is precisely £,,. Both methods of measuring the
nonstationarity time yielded close results: #,, (4.2 °K)
=3 sec and £,,(1.7°K)=10 sec.

The dependence of the gain on 6H ¢ measured at
Av®=x250 MHz, is shown in Fig. 4. The manifesta-
tion of the “sign rule” is seen here most clearly: for
example, in the case Ay®=-250 MHz, the gain in the
nonstationary regime increases only at 8H*20, The
maximum values of a,, are reached in this case at 6H*
2120 Oe, which corresponds to 6H?20, i.e., to passage
of the pump line through the top, when both conditions
OHSA v*<0 and 8H’Av*<0 are satisfied.

«, rel. un,

r FIG. 4. Plot of hypersound
"1 ) gain against 6H %, Dark
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Besides the experiments described above, which were
performed at 6=6,, we have also measured a,, under
the following conditions. First, without disturbing the
exact tuning with respect to angle A6=0-6,=0, we set
Av®=0. In this case, naturally, there are no manifesta-
tions of the nonstationary effect. Now, however, if de-
tuning with respect to angle is introduced without chang-
ing the signal frequency, i.e., Av*=0, then the nonsta-
tionary effect appears again in its previous form, that
of an increase of @ when the magnetic field is varied
rapidly in a definite direction, namely, when the con-
dition AGOH*>0 is satisfied. The last result can be
easily understood by resorting to the level scheme in
ruby at 6=6;. 4’ Indeed, at A9>0 the resonant pump
field (we now have two pump lines instead of one) is
stronger than the fixed resonant signal field H§ (which
corresponds to Av®=0). If we disregard the splitting of
the pump resonance, then the situation is similar to the
already considered case A§=0 and Av*<0. On the other
hand, if A6<0, the resonant pump fields are weaker
than the resonant signal field, and this corresponds to
the case Af=6 and Av*>0. Measurements of o,, car-
ried out at AG=x(0.5-3°) and Av®= 0 have confirmed
fully the experimental data obtained at A§=0 and Ay *®
#0.

We measured also the dependence of a on the pump
power P under conditions when the relation a,,> a,,
holds at the maximum pumping. We found that a de-
crease of P leads to a corresponding decrease of the
difference o,, - a,, and this difference cannot be offset
by accelerating the passage, by increasing 0H*®, etc.

Thus, saturation of the pump line on the wing, followed
by a rapid passage through the region of the pump line
vertex, ensures a more effective energy transfer from
the pump source (which now saturates the opposite wing)
within the limits of the resonance-line contour than in
the stationary regime. As a result, the gain of the hy-
persound signal increases under conditions of strong de-
tuning.

2. The nonstationarity time £,,, as follows from our
measurements, exceeds appreciably the spin-lattice re-
laxation time of the Cr® :ALQ, ions. This circumstance
indicates that an important role is played in the nonsta-
tionary effect by the system with the small relaxation
rate. In ruby this system is made up of the AI?? nuclei,
the spin-lattice relaxation time 7, of which, according
to NMR measurement data, *"? is of the same order as
.s at the corresponding concentration and temperature.

It is well known that the A1?" nuclear system in ruby
is closely coupled with the electron system of the Cr’*
ions, because the Zeeman splittings of the nuclear spin
levels in fields on the order of several kOe fall in the
frequency region of the energy spectrum of the dipole—
dipole interaction system of the Cr® ions. It is also
known that induced saturation of the nuclear system,
which becomes polarized as a result of the interaction
with the electron system, increases the effectiveness of
the redistribution of the saturation over the spectrum of
the electron system, leading to an acceleration of the
cross relaxation”%1 and to an increase of the inver-
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sion coefficient in the case of detuning in the ordinary
electromagnetic ruby maser, #&1%1 The interpretation
of the nonstationary effect observed by us will be based
on the known concepts concerning the thermodynamics
of energy reservoirs produced in this case by the A%’
nuclei and the Cr® ions in ruby, 17191

Let us examine the situation in which the nonstation-
ary effect is realized. At first, when the magnetic field
is fixed at the point H®, the electron system of the pump
is saturated under detuning conditions, and this leads,
first, to a strong increase of the temperature T, of the
Zeeman electron pool of the pump Z, in comparison with
the temperature T, of the lattice, 7, >T,, and, second,
to polarization of the dipole-dipole interaction pool D,
of the Cr® ions. ™8 The magnitude and the sign of the
polarization E, =T, T3 (T, is the temperature of the
pool D,) are determined by the relative positions of H®
and H}. If the inequality H®>H? is satisfied, then E,
>0, and vice versa. Detailed measurements have
shown*"? that the nuclear Zeeman pool Z, of A1?" in ruby
and the pool D, are strongly coupled even without the
presence of external fields, as a result of which the
temperatures of these pools become equalized, i.e.,
in fact we have E,=E, =E. The spin-lattice relaxation
time of the A1?" nuclei at a Cr® ion concentration 0. 03%
is quite high at liquid-helium temperatures, 7,(1.9 °K)
=10 sec. ®"! At the same time, the relaxation of the
pool D, to the pool Z, is quite rapid, within a time 7,
<3-10" sec. "® This leads to the following conclusion.
If the state of the system Z, is varied rapidly, with the
aid of a magnetic field, within a time Af satisfying the
inequality 7,, <<A#<«< T,=f,,, then no substantial change
will take place in the polarization of the pools D, and
Z,. Consequently, in experiments with fast passage of
the magnetic fields within a time Af«{,,, i.e., in the
nonstationary regime, the polarization of these coupled
low-frequency pools can be regarded as constant and
specified by the value of 6H?., Taking this circumstance
into account, we can easily understand the nature of the
nonstationary effect and hypersound amplification.

The value of «is larger the larger 7T,. Let us de-
termine 7, as a function of the detuning from the top of
the pump line from the kinetic equations that describe
our system (Egs. (15) of™*"’) under the conditions 7,
=T, =T, E™* =const andw,7,> 1, where wu, is the prob-
ability of the induced transition in Z, under the influence
of the microwave field and 7, is the spin-lattice relaxa-
tion time of the Cr® ions. In this case the solution is
obtained in elementary fashion and takes at ¢> 7, the
simple form

T A X
T z—;ﬂ—pE(H), @)

e

A =, P—AP,

Here v} is the pump frequency (which corresponds to the
field H}), and v?® is the splitting of the levels of the sys-
tem Z, in the field H.

Before we analyze the solution in the nonstationary re-
gime (2), we note that in the stationary regime the con-
dition T,T;! 20 isalways satisfied, inasmuchas the sta-
tionary nuclear polarization is determined by the mag-
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nitude and sign of A, with EA <0 always.

In the nonstationary regime, when A can vary rapid-
ly, and the polarization of E remains practically con-
stant, owing to the inertia of Z,, and is governed by the
value of 6H?, a situation with EA>0 is possible. We
emphasize that in the stationary regime, the last in-
equality cannot be realized without the action of exter-
nal sources on Z,. There are obstacles to obtaining
this inequality in the nonstationary regime and, as fol-
lows from (2), in this case we have T,T;!< 0. It is
clear that owing to the increase of T,, up to negative
values, the inversion on the signal transition should
increase. This, in turn, leads to the increase of o
observed in the nonstationary regime. The condition
E A>0 is realized only after passing through the top of
the pump line, which occurs after a sufficiently pro-
longed saturation of the wing at H=H®. In fact, after
such a prolonged saturation of the wing, a stationary
polarization is reached, opposite in sign to A (or, -
equivalently, the sign of the polarization coincides with
the sign of 8H?). The passage of the magnetic field
through the top of the pump line means a reversal of
the sign of A, whereas the sign of E remains the same
as before during a time ~¢,,. As a result, after fast
passage through the top we have EA>0, T,T;'S0 and
Q> ag,.

Thus, the increase of the gain of the hypersound in
the nonstationary regime is due to the fact that, owing
to the reversal of the sign of A on going from A(H?®) to
A(H?®) through the value A(H%) =0, with the value of
E=E(H") maintained constant, the temperature of the
pump reservoir becomes very high or negative. After
E relaxes (within a time ¢,,) from E(H®) to E(H*), the
stationary regime is established again.

Since the observed stationary effect is due to the
more effective transfer of the saturation within the lim-
its of the electromagnetic-pumping resonance line, it
is obvious that this effect takes place also in ordinary
electromagnetic masers based on ruby or some other
crystal, where the electron dipole pool is strongly
coupled with the slowly relaxing system of magnetic
nuclei.

5. PHASER EFFECT OF COHERENT PHONON
GENERATION

1. With increasing electromagnetic pumping, when
the gain of the longitudinal hypersound becomes equal to

FIG. 5. Spectrum of stationary coher-
ent radiation of phonons at low pump
levels. The frequency interval between
the neighboring generating modes is
310 kHz. The evolution of the emission
spectrum with increasing pump power
is shown, starting with the threshold
value (downward) T =4.2°K.
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FIG. 6. Emission spectrum in the case of intense pumping
(pump power 20 dB above threshold). T=1.7°K. Spectrum
width B=8 MHz. :

the absorption of the natural mode in the acoustic reso-
nator, the phonon system becomes self-excited. As a
result of the selective amplification of the phonons cor-
responding to high-@ resonator modes, intense coher-

- ent acoustic oscillations set in, and can be directly
registered by transforming them with a hypersonic con-
verter into an electromagnetic microwave field. In
contrast to other acoustic self-oscillators or micro-
wave electromagnetic generators, the coherent gener-
ation is realized in this case simultaneously at many
frequencies corresponding to the natural modes of the
acoustic resonator.

The radiation at each of these frequencies, which are
spaced 310 kHz apart (the frequency difference between
the axial longitudinal modes of a ruby resonator 17,6
mm long) is characterized by a narrow spectrum with a
relative width less than 108, The simultaneity of the
generation at several frequencies can be assessed from
the narrowness of the spectral lines, and also from the
absence of any modulation effects in the observed spec-
trum. The number of discrete generation frequencies
depends on the pump power (Fig. 5). If this power is
raised from a value corresponding to the underexcited
regime (i.e., to the amplification regime) to the thresh-
old value P, and above, then single-, three-, five-,
etc., frequency generation sets in in sequence. Each of
the forms of the 2j+1-frequency generation is char-
acterized by its own threshold P!, The stationary
generation process is established within several strong-
ly-damped oscillations of the intensity of the stimulated
emission of the phonons within a time = 1 sec.

This (2 j+1)-frequency generation and the increase
of the number of generated frequencies with increasing
pump are observed only at a relatively slight excess of
the pump over P} (less than 10 dB). At a high pump
level, the discreteness of the spectrum is also pre-
served, but the intensity of the generation and the modes
relative to the central mode decreases no longer mono-
tonically: the spectrum becomes chopped up, has dips,
etc. (Fig. 6). In addition, besides the principal gener-
ating modes, there appear satellites corresponding ap-
parently to not-strictly-axial longitudinal modes (Fig.
7). It is important that the width of the generation spec-
trum experiences saturation with increasing pump; thus,
at a pump 20 dB higher than P} and at T=1.7°K, the
width of the stimulated-emission spectrum does not ex-
ceed 8 MHz, which is much narrower than the above-
threshold region of the gain line. A width of the same
order is observed in the phaser-generation spectrum
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FIG, 7. Satellites in phonon coherent-emission spectrum in
the gap between the frequencies of the fundamental modes (in-
tense pumping), T=4.2°K.

also at T=4.2°K. The emission intensity at each of
these frequencies, after the corresponding modes be-
gin to generate, first increases with increasing pump,
but then exhibits saturation, reaching a value on the or-
der of several ;W/cm? The integrated intensity of the
stimulated hypersonic emission in the crystal reaches
=100 uW/cm?,

2. Let us discuss the mechanism of multifrequency
generation of the phaser. Obviously, just as in any
self-oscillator, multifrequency stationary generation is
possible in a phaser only in the presence of a large num-
ber of weakly-coupled self-oscillating systems with
stable limit cycles. The explanation of the mechanism
of phaser generation is therefore directly connected
with the possibility of separating, in an acoustic reso-
nator with impurity centers, a number of weakly coupled
self-oscillating systems with different frequencies. The
solution of this problem is facilitated by the fact that a
similar question was considered earlier in the study of
the cause of multimode generation of lasers.

According to'®! multimode generation is stable in

the case of weak coupling, when the width of the homo-
geneous resonance lines is less than the frequency inter-
val between the neighboring modes of the hypersonic
resonator. In this case generation takes place under
conditions of spectral disequilibrium (in terms of the
kinetic theory of lasers'®!l), when the spin packets that
contribute to generation have different frequencies. The
feasibility of realizing such a narrow homogeneous line
is based on the following. In magnetically-dilute crys-
tals, including ruby, the linewidth (Av), is essentially
inhomogeneous and is determined by the scatter of the
crystal-field parameters. If it is assumed that the
homogeneous broadening is definitely a microscopic ef-
fect, when the neighboring spins differ in their resonant
frequencies, then it is easy to show that the homoge-
neous linewidth (Av), is of the order of (Av)?((av),)™.?!
Here (Av)? is the second moment: of the line and is due
to the dipole—dipole interactions. Since (Av) < (Av),,
the homogeneous line width is in this case much smaller
than the dipole-dipole width and satisfies the condition
stated above.

Another possible interpretation of the multifrequency
generation, without invoking the assumption that the
inhomogeneous broadening is of microscopic origin, is
to consider the generation under conditions of spatial
disequilibrium, i.e., when the excitations are spatially
separated. On this basis it is possible to describe
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qualitatively the main features of the observed phaser
generation.

A hypersonic resonator is anoscillating system witha
large number of degrees of freedom, and consequently
admits of the formation of weakly-coupled excitations
even under conditions when the homogeneous line width
exceeds the frequency difference between the neighboring
modes. The point is that the elastic field of the gener-
ating modes in the resonator is essentially inhomoge-
neous and can be represented in the form of a super-
position of standing waves, the number of which is equal
to the number of generating modes. As a result of the
low rate of spatial migration of the excitations, the im-
purity centers located in the antinodes of the standing
waves, corresponding to different resonator modes,
participate independently in the generation at frequen-
cies corresponding to these modes.

From an analysis of the rate equations for the 4-level
spin system of ruby, it is easy to show that the inverted
difference of the populations 7 of the signal transition,
just as for the ordinary laser scheme, can be repre-
sented in the form®324

-1
=il (1+DZ p,g,-) , pi=N.[1—cos(2nmz/L)],

where g; is the ordinate of the resonance line at the
frequency of the ¢-th mode, L is the length of the reso-
nator, m; are integers, N, is the number of phonons in
the i-mode, D is a quantity proportional to the prob-
ability of the induced radiation, 7, is the difference of
the populations in the absence of radiation, and z is the
coordinate along the resonator axis.

In this case, the laser conditions for stationary (2j
+1)-mode generation remain in force for the phaser, as
does the limiting width of the spectrum B%*!

)
1—1/j (8/*=3i—2)

a=

B=1.4p-"6v,. a=ni/ny, p=(6v/Av)%.  (3)

Here 7 } is the threshold population difference; dv is
the distance between the frequencies of the neighboring
modes, and Av is half the width of the resonance line of
the signal transition.

The experimental data shown in Fig. 8 reveal a quali-
tative agreement with (3). With increasing pump, 7%,
increases, and & with it, and this leads to a jumplike
increase in the number of modes that begin to generate.
1t follows from (3) that the limiting width of the spec-
trum at Av=32 MHz and 6v=310 kHz, i.e., at =10,

FIG. 8.
9 number # =2 j+1 of modes
7 that go into generation on
5 the pump power T=4,2°K,
J
1

Dependence of the

P =10 log(P/Py), P,
. 1 ( =107 W,
2 4 6

Il
&-h/dB
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is equal to 9 MHz, which is also in good agreement
with the measured B=8 MHz.

The considered mechanism of phaser generation un-
der conditions of spatial disequilibrium corresponds to
a monotonic decrease of the spectrum intensity with
increasing distance from the center of the resonance
lines. This monotonic decrease, as noted above, is
observed only at small excesses above the generation
threshold. The fact that the decrease is no longer
monotonic at high pump levels (Figs. 6 and 7) demon-
strates the limited character of this analysis. The ir-
regularities and the dips in the spectrum show that at
high pump levels the resonance line acquires a fine
structure which apparently leads to the aforementioned
spectral disequilibrium, when individual regions of
lines that are quite close in frequency make independent
contributions to the generation.

The authors thank M, S. Soskin, useful discussions
with whom helped determined the coherent-phonon gen-
eration mechanism, and also N. L. Kenigsberg for
preparing the zinc-oxide films for the hypersonic con-
verters.

Dprief reports of some results of this work were published
earlier, %10

31n the pulsed measurements, the resonant properties of the
rod can be disregarded, since Tv<l; (T is the pulse duration
and [, is the length of the rod).
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Dynamic damping of dislocations by spin waves in ferromagnets is investigated. The dependence of the
magnon damping force on temperature and velocity is calculated. A general picture is presented of the
temperature dependence of the dynamic damping force on dislocations in ferromagnets.

PACS numbers: 75.30.Ds, 61.70.Ga

INTRODUCTION

Motion of dislocations in a crystal, which causes the
process of plastic deformation, is limited, as is well
known (see, for example,!?), by two qualitatively dif-
ferent phenomena: the surmounting of barriers through
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fluctuations, and dynamic damping caused by scattering
of the.energy of a dislocation by elementary excitations
in the crystals (phonons, electrons, spin waves, etc. ).
Because of the fact that the density of an elementary-ex-
citation gas increases with rise of temperature (elec-
trons in a normal metal are an exception), the contribu-
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