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1. INTRODUCTION

Improvement of sensitivity of radio reception has
always been one of the fundamental problems of radio
electronics. The urgency and topicality of this problem
increased considerably in the sixties in connection with
the onset of active study and mastery of outer space.

At that time in the microwave region'’—the funda-
mental wavelength region for studying outer space by
radio methods—the best input radio receiving devices
with respect to noise characteristics were considered
to be crystalline semiconductor mixers with a noise
temperature® of 1000-2000°K. Subsequently, it has
been possible to diminish substantially the noise tem-
perature of radio receivers in the microwave range
through development of a series of new input low-noise
devices (electronic microwave amplifiers; parametric,
tunnel, and transistor amplifiers; quantum amplifiers).

Among the low-noise devices in the microwave range,
quantum amplifiers, or as they are often called,
masers, occupy a special place: they have the lowest
intrinsic noise and are a kind of a standard. The degree
of approximation to which can characterize the noise
properties of other types of low-noise devices.

b Conventionally one assigns decimeter, centimeter, and
millimeter wavelengths to the microwave region.

%) The noise properties of a receiving device are customarily
characterized by the noise temperature T. This is the tem-
perature of an absolutely black body measured in degrees
Kelvin equivalent to an antenna whose thermal radiation pro-
duces noise in the receiver equal in intensity to the intrinsic
noise of the latter. :

852 Sov. Phys. Usp. 21(10), Oct. 1978

0038-5670/78/100852-13$01.10

The noise temperature of quantum amplifiers is ex-
tremely low—only about 10°K. Hence they are used
whenever the main requirement imposed on a radio re~
ceiving system is fo ensure the lowest possible noise
temperature.

This is just the type of system that includes the Earth-
based radio-receiving long-range space communication
(LRSC) systems and a number of radicastronomical sys-
tems (spectral radiometers, very-long-baseline radio-
interferometers, planetary radar, etc.).

The operation of quantum amplifiers is based on using
the stimulated emission of radiation by nonequilibrium
quantum systems having an inverted population of energy
level (“active” systems).

The fundamental method of getting an inverted popula-
tion in such systems is the “pumping” method proposed
by Basov and Prokhorov.! In this method a system of
particles possessing three energy levels E; < E,<E, is
subjected to an auxiliary electromagnetic radiation (the
pump) having a frequency that corresponds to the quan-
tum transition between the outer members of the three
levels (E, and E;). With a strong enough pump, this
transition is saturated (the populations of the levels E,
and E, become the same) and the population of one of
the upper levels (E, or E,) comes to exceed that of a
lower-lying level. This is called an inversion of popu-
lations.

The active material in quantum amplifiers consists of
dielectric crystals isomorphously doped with paramag-
netic ions that possess a suitable system of three (or
more) energy levels. The spacing between the levels,
which can be regulated by imposing an external magnet-
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ic field, correspond to quantum transitions in the radio
range'.z"‘ In order to get inverted populations that en-
sure effective operator of the amplifier, the paramag-
netic crystal must be kept at a low enough temperature,
as a rule, at liquid-helium temperature.

The first studies in the quantum-amplifier field were
mainly concerned with studying the new amplification
principle and the physical phenomena associated with
it. At the same time it was necessary to find out how to
design devices having the required high parameters for
practical application (high gain, extremely low noise,
broad enough passband, high stability and reliability,
etc.) on the basis of the formulated general principles.
In order to do this, systematic studies were carried out
in a number of countries (mainly the USSR and USA),
with resultant design of quantum amplifiers (QA) over a
broad range of wavelengths—decimeter to millimeter—
that possessed the needed characteristics. In the
course of these studies, paramagnetic crystals for QA
were investigated, methods were developed for building
efficient amplifiers of this type, reliable QA were
designed for different ranges of wavelengths, and were
manufactured commercially. At the same time methods
of coupling QA to large antennas were developed and
introduced into practice that enable one to realize the
potentialities of QA in enhancing the sensitivity of radio
receiving systems,

Currently QA are being successfully applied in deep-
space communication systems, in the largest radio
telescopes, and in planetary radar ensuring maximally
high sensitivity of these systems.

This review will briefly cover the fundamental results
of the studies (mainly in the USSR) in the field of quan-
tum amplifiers; will describe the design and character-
istics of modern QAs,® and will present the fundamental
information on their application in space studies and on
the scientific results obtained thereby.

2. PARAMAGNETIC CRYSTALS FOR QUANTUM
AMPLIFIERS

As we have noted above, doped paramagnetic crystals
are used as the amplifying (active) material in QA.
This is the term applied to crystals that have paramag-
netic ions of elements belonging to one of the transition
groups of the Mendeleev periodic system isomorphously
implanted as a small admixture (hundredths of a percent)
into a lattice consisting of diamagnetic ions.

One can characterize the efficiency of a paramagnetic
crystal in an amplification regime by the quantity x”,
which is the imaginary component of the complex mag-
netic susceptibility at the frequency f of the signal to
be amplified (for more details, see Sec. 3). We can
express the quantity y” by the relationghip*~%?

K = 1078 (N3 —Ny) 1= (2.1)

3 We present information only on the QA currently in use.
One can find data on the numerous laboratory QA or on those
not currently in use in the journal articles cited in the biblio-
graphies of Refs. 4~6.
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Here N, and N, (cm™) are respectively the populations
of the lower and upper energy levels between which the
transition occurs at the signal frequency; Av(Hz) is the
width of the electron paramagnetic resonance (EPR)
line at the signal frequency (its shape is assumed to be
Lorentzian); and o is the dimensionless “effective”
matrix element that determines the probability of stimu-
lated quantum transitions at the signal frequency (it is
calculated from the known matrix elements of the spin
operator taking into account the direction and polariza-
tion of the UHF magnetic field of the signal acting on
the particle). We note that we have ¢®=1 for pure spin
states corresponding to the spin value { with circular
polarization of the UHF magnetic field in a plane per-
pendicular to the applied external dc magnetic field.

In population inversion, which the pump (auxiliary
radiation) makes attainable, we have N, <N,. Here the
quantity y” is negative, which leads to amplification of
an electromagnetic wave of frequency f upon interacting
with the paramagnetic crystal.

The difference N, ~ N, of populations of particles is
customarily expressed in terms of the population differ-
ence in thermal (Boltzmann) equilibrium (N, - N,); and
the so-called inversion coefficient J:

(Nl'—N:)=—‘J(N1—N¢)B~ (2.2)

The inversion coefficient J, which characterizes the
efficiency of action of the pump, depends on the ratio
of frequencies of the pump and the signal, increasing as
this ratio increases. It also depends on the relative
values of the probabilities of radiationless (relaxation)
transitions between the levels. One can express it in
terms of these quantities by analyzing the kinetic equa-
tions for the populations of the system of levels being -
studied.?™® In a QA in the microwave range, the popula-
tions of the levels differ insignificantly, and the follow-
ing approximate formula holds for x”:

) 40~ N B ot |
|x|~10‘3f—n—'—-

T AV ? (2.3)

Here N is the total number of paramagnetic ions per
cm?, n is the total number of levels in the ground state
of the ion, % is Planck’s constant, k is Boltzmann’s
constant, and T is the absolute temperature. The effi-
ciency of a paramagnetic crystal in a quantum amplifier
increases with increasing absolute value of x” (see Sec.
3). Therefore the active crystal is cooled to liquid-
helium temperature to attain the values of x” required
in QA. However, we note that the value of x” is small,
usually being of the order of 1073, even at liquid-helium
temperature in the paramagnetic crystals used in QA.

In order for some particular paramagnetic crystal to
be effectively applied in quantum amplifiers, it should
satisfy a number of specific and at times contradictory
requirements.

First of all, as we pointed out above, the doping para-
magnetic ion in the crystal should possess in the ground
state a system of three or more energy levels. The

4) The formula is written in the CGS system.

L. S. Kornienko and V. B. Shteinshlelger 853



splittings between them should allow one to amplify
signals of a given frequency with a pump frequency lying
in a suitable (technically mastered) range. The doping
paramagnetic ion in the crystal is affected by the inter-
nal electric field created by the environment.”™ This
field splits the electronic energy levels. The size of
the splitting depends on the strength and the symmetry
of the field. One can “adjust” the splittings of the intra-
crystalline field (they are usually called the “initial”
splittings) to the desired values by additionally subject-
ing the ion to an external magnetic field. The latter
gives rise to Zeeman splitting and shift of the levels
that depend on the strength of the applied external
magnetic field and on it orientation with respect to

the symmetry axes of the internal field of the crystal. .

The choice of the active material also involves the
values of the matrix elements of the transitions at the
signal and pump frequencies. The matrix element
of the signal transition determines the efficiency of
the active material [see (2.1)]. Therefore one usually
employs for amplifying a signal a well “allowed”
transition having a matrix element o close to unity.
Here the value of the matrix element of the pump
transition should not be too small, since it determines
the required power of the pump generator.

The requirements imposed on such an important
characteristic of the doping ion in the crystal as its
spin-lattice relaxation time T, are highly contradic-
tory.5™® The value of T, depends on the temperature
T (increasing with declining 7') and on the concentration
of paramagnetic ions, and generally it differs for dif-
ferent transitions. The lower T, is, the greater the
power that is needed to saturate the pump transition.
Yet an excessively large value of 7, diminishes the
dynamic range of amplifiable signals and lowers the
maximum signal power that can be amplified without
nonlinear distortions (see Sec. 3).

The attainment of suitable values of T, is another
reason why one must cool the paramagnetic cyrstals
to low enough temperatures. The value of T, in the
crystals applied in QA usually lies in the range 107
107! sec.

An important parameter of an active crystal is the
value of the inversion coefficient J attainable in an
amplification regime,?~® which one always tries to
make as large as possible. Usually in the known QA
the value of J in the active crystal lies in the range
from unity to several times that value.

Definite requirements are imposed on the EPR line
of the active crystal. Usually in crystals for QA the
line width lies in the range 50-100 MHz.

Of practical importance also are such requirements
on the active crystals as their stability to various
physicochemical agents, a low level of dielectric
losses, and existence of a developed technology of
their preparation.

The development of QA in the radio range was based
on studies of paramagnetic crystals and the interrela-
tion of their properties with the characteristics of
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QA. The results of these studies are given in a series
of reviews and monographs.35™®

We note that, prior to the invention of the first QA
in studies of the EPR phenomenon discovered by E. K.
Zavoiskil in the USSR in 1944,!° studies on resonance
spectra predominated, while the scope of the studies
of relaxational properties was rather restricted. The
problems that arose with the invention of the first QA
led to an expansion of studies of EPR spectra in doped
paramagnetic crystals, but to an even greater degree
they stimulated the study of relaxation processes.
This led to considerable progress in development of
this branch of solid-state physics.™?

In particular, the studies in the QA field stimulated
experimental and theoretical studies of processes of
establishement of equilibrium within a spin system
and of the role of the spin-spin interactions in these
processes. The need to explain a number of new ex-
perimental facts led to the discovery of the phenome-
non of spin-spin eross-relaxation.!! Cross-relaxation
couples transitions having different probabilities of
spin-lattice relaxation and alters the relationship be-
tween the rates of relaxation between different pairs
of levels, and thus affects the value of the inversion
coefficient J.. The phenomenon of cross-relaxation
has permitted us to understand why there is a limit
to the increase in the absolute value of the inversion
susceptibility x” with increasing concentration of
paramagnetic ions in the crystal. As the concentra-
tion increases, the role increases of multispin cross-
relaxation transitions and the regions of action of the
individual processes overlap. Cross-relaxation
gradually takes over all the transitions, and satura-
tion of any of them causes all the rest of the transitions
to saturate to some extent (“common cross-relaxa~
tion”?). Consequently the inversion coefficient J begins
to decline with further increase in the concentration of
active ions. Thus there is a certain temperature-
dependent optimal concentration at which the absolute
value of x" reaches a maximum,

The requirements on the active crystals impose
rather rigid restrictions on their characteristics.
Hence it is not fortuitous that only a few of the large
number of studied crystals have proved suitable for
designing QA that have found practical application.

In the known crystals for QA, the active ions are
doping ions that belong to the iron transition group
and the rare earths, with most of the QA described
in the literature being based on ions of the iron group,
namely the Cr* and Fe* ions,

Among all the known active crystals, ruby occupies
an exclusive place, and has been employed in the over-
whelming majority of QA that have enjoyed practical
application in modern radio systems.

It is well known that ruby is one of the crystal modi-
fications of aluminum oxide (ALO,) termed a-~corun-
dum, in which a small fraction of the Al* ions has
been isomorphously replaced with Cr* ions. Data
on the EPR spectrum of the Cr® ion in ruby and its
theoretical interpretation first appeared in Ref. 12.
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Ruby has proved to be the most suitable active
material in QA of various types and uses for a number
of reasons. The initial splitting of the ground quad-
ruplet level of the Cr® ion into two Kramers doublets,
which is caused by the joint action of the trigonally
symmetric intracrystalline field and of spin-orbital
coupling, lies in the centimeter wavelength range (it
equals 11.5 GHz). A system of four energy levels is
produced upon applying an external magnetic field.

By varying the angle between the trigonal axis of the
crystal and the direction of the magnetic field, as well
as the strength of the latter, one can get a large
selection of variants for amplifying signals having
wavelenths lying in the decimeter, centimeter, and
long millimeter ranges. Here the pump frequency
lies in accessible ranges, while the value of the ex-
ternal magnetic field proves moderate. Ruby has a
good combination of suitable values of the matrix
elements, relaxation time, width of EPR line, and
outstanding mechanical and dielectric characteristics
(see, e.g., Refs. 3,6).

Among the other active crystals that have been
studied, most attention has been paid to rutile (one of
the crystal modifications of titanium oxide, TiO,)
doped with Cr* or Fe3* ions and also to corundum
doped with Fe* ijons.

Owing to a considerable initial splitting of the energy
levels, doped rutile crystals allow one to increase the
ratio of the pump frequency to the signal frequency
and to get a larger value of the inversion coefficients
J {J> 10) for designing QA in the 1-6 GHz range.

The doping Fe* ion makes it possible in principle to
design a QA without applying an external magnetic
field and toemploy the active material in this case in
the form of a polycrystal or powder.

We should especially mention such crystals as beryl
(Al,Be,Si0,,) doped with Cr* ions (emerald) and
andalusite (Al,8i0;) doped with Fe® ions. While favor-
ably differing from ruby in their considerably greater
initial energy-level splittings (the total initial splitting
for emerald is 53.6 GHz, while in andalusite it
amounts to almost 350 GHz), they also have acceptable
relaxation times. In these crystals one can attain in-
creased inversion values at lower magnetic fields (see,
e.g., Refs. 13-15), and also get large values of the
matrix elements of the transitions, both at the frequen-
cy of the signal to be amplified and at the pump fre-
quency.

Unfortunately, synthesis of andalusite has not yet
been worked out. We can hope that progress is
preparing artificial emerald crystals will permit us
in the near future to design efficient QA based on this
crystal in the millimeter wavelength range.

Table I gives the parameters of the above-cited
crystals for QA.

One can find 2 more complete and detailed treatment
of crystals for QA, e.g., in Refs. 3, 5, and 6.

We shall illustrate on the example of ruby how one
employs the energy levels of the active ion in a QA.
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TABLE 1. Active crystals for quantum amplifiers.

Initial split- [Typical values of |
Dopant [Dopant concentra- : :

Crystal ion mm tGmng: of levels, ;'tw4 hZI‘ple( T} (msec)
Al;03 Crs+ 0.03—0.04 11.47 10°—10
(corundum) Fe?+ 0.02-0.05 | A,;=12.05 101

A, =19.3
TiO Cre+ 0.01—0.04 43.3 t
(ruthe) Fer+ 0.01—0.04 | A,—43.3 i
A,=81.3
Al;Be3SigO; g Cre+ <01 53.6 10—1
(beryl)
AL,Si0 Fest 6.07 Ay = 1161 1
(anzdi:lugite) A, =232.2
For the Cr* ion, the splitting is indicated of the ground spin
quadruplet into two Kramers doublets by the intracrystalline
field. For the Fe® ion, the ground spin sextet is split in the
crystal field into three Kramers doublets; the splittings are
indicated between the two pairs of adjacent doublets.

The relative arrangement of the energy levels of the
doping chromium ions is determined by the strength of
the external magnetic field and by the angle 6 between
the directions of this field and of the trigonal symmetry
axis of the intracrystalline electric field. In zero
magnetic field, the employed group of levels (four spin
sublevels of the ground orbital singlet) consists of two
Kramers spin doublets with an initial splitting between
them of 11.5 GHz. When an external magnetic field is
applied, splitting of the spin doublets takes place, and
its relationship to the value of the applied magnetic
field differs for difference angles 6. Figure 1 shows
the relationship of the positions of the energy levels
to the strength of the applied field for the two most
commonly used cases § =54°44’ and 6 =90°.

When 6 =54°44’, the relationship of the level split-
ting to the value of the field proves to be symmetric
with respect to the horizontal axis. The minimum
spacing between the middle levels 2 and 3 (the transi-
tion between them is commonly used for amplifying
the received signal) is half the initial splitting. This
determines the minimum possible frequency of ampli-~
fiable signals in the given variant. For pumping, here
one uses simultaneously the two transitions of equal
frequency 1-3 and 2-4. This double pump allows an
appreciable gain in the inversion coefficient as com-
pared with using only one transition for pumping,3¢

As a rule, the variant with 6 =90° is used for lower
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FIG. 1. Energy levels in ruby. a) §=5444’; b) 8=90°.
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amplifiable frequencies. An important advantage of
this variant is that the angular dependence of the EPR
spectrum is minimal here, and the scatter in real
ruby crystals in the direction of the axis of the intra-
crystalline field for the individual ions does not lead
to appreciable broadening of the EPR lines nor to a
concomitant decline in amplification. One usually
employs the transition 1-2 for amplifying the sigrlal in
this regime. One uses the transition 1-3 as the pump
in amplifiers for the decimeter range of wavelengths;
in amplifiers for the centimeter range one gets a
greater inversion by using the transition 1~4 as the
pump. A regime has also been studied that involves
simultaneous pumping by the transitions 1-3 and 3-4,
which is distinguished by requiring a smaller pumping
power than when the transition 1-4 is used.®

3. CONSTRUCTION AND CHARACTERISTICS OF
MODERN QUANTUM AMPLIFIERS

In principle one can get quantum amplification by
passing the electromagnetic wave to be amplified
through an ordinary waveguide filled with an active
material. However, owing to the low value of the
inversion magnetic susceptibility of the crystal (see
Sec. 2), attaining an appreciable amplification would
require using active crystals several meters long,
which is practically unrealizable.

Therefore, in the first experimental apparatus to
study the effect of quantum amplification in paramag-
netic crystals, arrangements were made for the wave
being amplified to interact with the crystal in a volume
resonator. In this case the electromagnetic wave -
interacts with the active material for a prolonged time
upon being multiply reflected from the walls inside the
resonator. This permits a large amplification with
relatively small dimensions of the crystal.

The power amplification coefficient G and the band
Af of amplifiable frequencies (at the 0.5 level) of a
resonator QA built according to the so-called reflec-
tion scheme (in this scheme the wave to be amplified
and the amplified wave pass through the same wave-
guide, and are separated by using a nonreciprocal
device; a ferrite circulator) satisfy the following
approximate relationship (for more details see Refs.
3-6):

(VEé-—1) Afz—-————i+2(::;/Am; (3.1)

Here Av is the width of the EPR line; f is the signal
frequency; d,, is the modulus of the negative magnetic
decrement, which characterizes the efficiency of in~
teraction of the active paramagnetic substance with the
high-frequency magnetic field in the resonator (for
brevity, d, is called simply the magnetic decrement).

The value of d, is determined by the following formu-

la (in the CGS system):

A = 47| Frnax | 0. (3.2)

Here X/, is the magnetic susceptibility for the maxi-
mum possible value of the effective matrix element ¢
[see Eq. (2.1)]; 7 is the so-called filling factor, which
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characterizes the extent of filling of the resonator with
the active material and also the deviation of the direc-
tion and polarization of the magnetic field in the reso-
nator from the optimal conditions at which ¢ reaches
its maximum possible value.

The existence in Eq. (3.1) of the invariant (VG - 1)Af
causes a marked narrowing of the band of the
amplifier with increase in amplification, This in-
volves the regenerative nature of the amplification in
a resonator QA and is characteristic of regenerative
amplifiers of any type.

Here the amplification coefficient G of the regenera-
tive amplifier is determined by the formula

e~ (25 (3.3)

Here 8 is the regeneration parameter, which equals
the ratio of the modulus of the negative decrement of
the active material in the resonator to the damping
decrement arising from coupling of the resonator to
the external circuits, together with losses in the reso-
nator itself.

The QA having a single resonator that were used in
the initial period had substantial defects inherent in
regenerative devices: in order to attain the needed
large amplification coefficient, one had to apply a
large degree of regeneration (8~1). Such QA are
unstable [see (3.3)] and they amplify only in a very
narrow band of frequencies which doesn’t suffice for
most practical applications. For this reason single-
resonator QA are not used currently in practical radio
receiving systems.

The above-cited defects of QA were eliminated in
two ways in parallel. In one of these, QA were devel-
oped having several intercoupled resonators—active
(i.e., filled with an active material) or passive (empty).
The other way consisted in producing and perfecting
practically nonregenerative QA: traveling-wave quan-
tum amplifiers (TWQA).

A number of investigators have proposed,'® analyzed
theoretically'®™® and built'®™?® QA that employ several
coupled active resonators in one-stage and two-stage
designs. These multiresonator amplifiers have a
greater band width for the same total number of resona-
tors than amplifiers that employ combinations of active
and passive resonators,?® since the band width of a
multiresonator QA is proportional in the first approxi-
mation to the number of active resonators.®?!

Multiresonator QA are currently applied mainly in
the decimeter wavelength range. Figure 2 shows the

Strip resonators
Regutator of coupling of resonators

Coupling
regulator Ruby
Signal coaxial

Pump waveguide

FIG. 2. Resonator system of a quantum amplifier for the
decimeter wavelength range,
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resonator system of a two-state QA for the decimeter
wavelength range.?® Each state uses three active reso-
nators coupled in pairs. The stages are connected to
external circuits and to one another by using a small-
dimension ferrite circulator that operates at liquid-
helium temperature. The parameters of the amplifier
are given in Table II (cf. p. 858).

In the centimeter and millimeter wavelength ranges,
the main type of QA, which has enjoyed practical appli-
cation in functioning radio receiving systems, is the
TWQA. In these amplifiers the traveling wave of the
signal is amplified while propagating in a waveguide of
special type: a slow-wave system (SWS), filled with an
active paramagnetic crystal. The application of wave-
guide SWS in which the group velocity v, of the wave is
many times smaller than the velocity ¢ of propagation
of the wave in free space makes it possible to shorten
to an acceptable value the length of crystal required for

obtaining a large amplification coefficient of the TWQA.

An important feature of the TWQA is that regenera-
tion effects in these amplifiers are practically fully
suppressed by absorption of the backward-traveling
wave by special nonreciprocal ferrite absorbers placed
inside the SWS (internal decoupling). This makes the
amplifier insensitive to mismatch of the input and
output impedances. Owing to the nonregenerative na-
ture of the amplification, the stability of amplification
and the passband of a TWQA with large amplification
prove to be considerable greater than in a resonator
QA. Moreover, one can achieve in a TWQA a rapid
electronic tuning of the frequency by simultaneously
changing the strength of the d.c. magnetic field and
the pump frequency.

The amplification coefficient G of 2 TWQA as ex-
pressed in decibels (G 4,,] is determined by the follow-
ing relationship®~®:

Gavy=G1,@vy— Lavy= 2737:7% dy, — L (avy (3.4)
Here G, ) is the amplification (in db) without account-
ing for losses in the SWS, L4, is the losses in the SWS
(in db), ! is the length of the crystal in the SWS, X is
the wavelength in free space, and d, is the magnetic
decrement of the active crystal.

With typical values of d, of the order of 10 and a
value of I/X in the range from ~1 to ~5 (depending on
the wavelength range), one requires a retardation co-
efficient c/v,, of the wave from 50 to 200 in order to
get the required amplification coefficient of the TWQA
Gan) =25-30 db.

(
The passband of the TWQA (at the 3-db level) is de-
termined by the formula:
3
sr=avy i 3.5)
A typical value for TWQAs is A f=20-30 MHz, which
is considerably larger than in resonator QA. One can
get an even greater band expansion Af in TWQA by
applying a magnetic field whose intensity varies from
point to point along the crystal situated in the SWS
causing corresponding changes in the EPR frequen-
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Pump waveguide

Ferrite

FIG. 3. Design principle of the high~frequency portion of a
traveling-wave quantum amplifier for the 0, 8-cm wavelength
range.

cy.%%2% By such a method a value Af =150 MHz has
been realized in a TWQA.

One can achieve a retardation of the group velocity
of an electromagnetic wave by increasing the dielectric
permittivity of the medium inside the waveguide or by
employing systems having frequency dispersion. One
can get a greater retardation in the latter. The dif-
ferent types of SWS have been studied in detail, both
theoretically and experimentally.® Highly efficient
comb SWS for TWQA in the centimeter and millimeter
wavelength ranges have been developed on the basis of
these studies.

Figure 3 shows the design of the high-frequency unit
of a TWQA for the wavelength range 0.8 cm.%?® This
amplifier employs a comb slow-wave system situated
in the pump waveguide. On one side of the pins is the
paramagnetic crystal—a thin ruby bar (transverse
dimension ~0.75 mm, length ~40 mm), and on the
other, a thin Polycor® plate whose cross-sectional
dimensions have been chosen to obtain the needed dis-
persion characteristic that yields the required group-
velocity retardation (in the described TWQA this is
about 50). Alongside this plate, a ferrite rectifier is
placed on a dielectric base along the entire slow-wave
system in the form of a long bar of polycrystalline
yttrium iron garnet. The ferrite lies in the region of
the SWS where the UHF magnetic field is almost cir-
cularly polarized. This enables one to obtain good
characteristics of the rectifier (damping of the back-
ward wave by no less than 75 db with losses in the
forward direction of about 2.5 db).

Table II gives the parameters of some TWQA in the
8-mm wavelength range.

The noise temperature is the most important param-
eter of the input radio receiver of an instrument for
the microwave range.

A number of studies*2%27 have analyzed the problem
of the limiting sensitivity of receivers of electromag-
netic radiation. In particular, they have shown?® from
Heisenberg’s uncertainty principle that the limiting
minimal noise temperature T, is determined by the
following formula for a linear coherent amplifier, i.e.,

%) polycor is a ceramic prepared from polycrystalline corun-
dum powder.
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TABLE 1I. Parameters of some quantum amplifiers applied
in LRSC systems and in radioastronomy.

Amplifica-| Passband, Ll‘ulmbln Noise Paramag-| —.
Wavo-  1ion coef- | MHz band, MHz/ temper- (notic  |couptry [ Remarks
nnp.emfm‘w"n’ ature, °K’ | crystal
23 2 stages of
15 8 Ruby USSR 3 coupled resona-
tors each
3.5 70 6 Rutile , | Sweden {Crystal temper
€3 ature 2°K° i
17 32 4.7 200 [ Rutile »
(Fe3t)
12 27—45 10 180 (] Ruby USA
5 30 30 250 10 » USSR
5 24 0 850 10 Rutile | Sweden
(Fe3%)
3.5 45 17—23 100 10 Ruby USA
3.5 25 20 700 Rutile | Sweden | Crystal tempera-
Fed¥) ture 1.7°K
2 30—45 17 2000 13 Ruby | USA
1.3 3040 30 2000 20 » USSR
0.8 25—30 25 2000 20 » »

an amplifier in which the phase of the oscillation to be
amplified is conserved apart from an additive constant:

(3.6)

1 a
Ton=17 %
(notation explained above).
Such an amplifier is termed ideal.

In the radiofrequency range T,,, is extremely small;
thus, for example, 7g,,~0.7° K in the 3-cm wavelength
range.

The noise temperature of a quantum amplifier is
approximately equal to the limiting value of T,,, when-
ever the population of the lower energy level of the
quantum transition at the signal frequency is much
smaller than for the upper level. Yet actually in 2 QA
for the radio range, the populations of the energy
levels differ insignificantly from one another, and the
noise temperature proves to be different from T,,,.

For a TWQA in the radiofrequency range, the noise
temperature directly at the input of the slow-wave sys-
tem (Tgys) is determined by the following approximate
formuia*~®:

Tows ~ 7 S @+ 156 S
Here T is the temperature of the paramagnetic crystal
and J is the inversion coefficient (see above for the
rest of the notation).

L(db)

The first term in (3.7) arises from spontaneous
emission, and the second from Joule losses inthe SWS.
With typical parameters of the TWQA, the noise tem-
perature Tgys amounts to about 3°K. That is, it differs
but little from the limiting value T,;,.

Owing to the unavoidable losses in the input wave-
guide that connects the QA input to the SWS, the noise
temperature T, o, of the entire QA is usually several
times as large at Tgys.

For the centimeter wavelength range T, q, amounts
to 5-10°K, and to about 20°K in the millimeter range.

One of the characteristics of QA is the maximum
power of the output signal at which linearity of the
amplitude characteristic is still conserved (saturation
power P,,). A typical value for TWQA is P, =10° W
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for amplification of continuous signals (it proves to be
correspondingly larger for amplification of pulsed sig-
nals).

In low-noise amplifiers of other types, saturation
unavoidably involves restriction and nonlinear distor-
tions of the spectra of the signals. In contrast, the
theory of the nonlinear effects that arise when strong
signals act on a QA shows and experiments confirm
that in a QA even considerable saturation does not lead
to appreciable distortions of this type.*™

Of extreme importance in a number of practical
applications of QA is high stability of the amplitude
and phase characteristics of the amplifiers. Analysis
has shown® that stability of these characteristics is
primarily determined by the stability of the d.c. mag-
netic field required for operation of the QA.

Electromagnets and solenoids with superconductive
coils have been specially developed in the USSR for QA
in order to achieve high stability of the magnetic field
(this was one of the first examples of practical appli-
cation of the superconductivity effect outside the walls
of physics laboratories). This made it possible to
increase substantially the stability of quantum ampli-
fiers and to reduce their dimensions. After the ampli-
fier is turned on and a field of the needed strength has
been obtained, the power supply of the magnet is
turned off and the magnetic field is “frozen in.”

In current TWQA the instability of the amplification
coefficient amounts to 1-2 %, while the phase instabil-
ity is about a degree.®® It has proved possible to de-
crease the phase instability to tenths and even hun-
dredths of a degree by special measures (increasing
the internal decoupling, preventing liquid helium from
getting into the SWS, stabilizing the pump power and
frequency, etc.5:%8),

Two methods are used for cooling the high-frequency
unit of a QA having a superconductive magnet to liquid-
helium temperature. In the first one, the unit to be
cooled is put into a metal Dewar container, or cryo-
stat, into which one periodically pours (or syphons)
liquid helium. As a rule, the evaporated helium is
collected and liquified again in a separate cryogenic
apparatus. In the second method special cryogenic
machines are employed that are directly connected to
the quantum amplifier and are a constituent part of it
(“closed-cycle cryogenic machines”).® Both cited re-
frigeration methods have their merits and defects,

‘and the choice of the optimal system depends on the

specific conditions of use.

Table II gives the parameters of some quantum am-
plifiers employed in long-range space communication
systems and in radio astronomy. The table lists only
the fundamental types of amplifiers from among those
currently in use.

All the amplifiers cited in the table except the first
one, which was built according to the above-described
multiresonator scheme (see Fig. 2) are traveling-wave
amplifiers. In the decimeter wavelength range, when-
ever one doesn’t need to tune the frequency of the am-
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plifier over a broad frequency range, an amplifier
constructed according to the multiresonator design
(first row of Table II) allows a larger passband than
a TWQA for the same range (second row of Table II).

In spite of the greater efficiency of rutile over ruby
in the range 1-7 GHz that theoretical estimates
imply,* in practice quantum amplifiers based on rutile
are in most cases still inferior to ruby amplifiers in
this range in their fundamental amplifier parameters
(see Table II).

Analogous estimates that indicate superiority of
rutile have also been applied fo the 8-mm range, which
is of considerable interest for radioastronomy. How-
ever, attempts to develop a TWQA for this range based
on rutile that have been undertaken in the USA® and in
France® have not yet led to design of devices suitable
for practical applications.*® In these TWQA wave re-
tardation was brought about by the high dielectric per-
mittivity of rutile that filled the waveguide. Because
of the insufficient retardation thus attained, these
amplifiers did not yield the required amplification at
4.2 °K (the temperature of liquid helium at normal at-
mospheric pressure), and it was necessary to lower
the temperature to 1.7°K. This temperature decrease
was attained by reducing the pressure in the cryostat
by continuous pumping of the helium vapors with a
vacuum pump. This considerably complicates the
operation of the amplifiers.

A TWQA for the same range®® developed in the USSR
employs a highly efficient comb slow-wave system (see
Fig. 3), while ruby was used as the active material.
The required parameters were attained at 4.2 °K.
These TWQA which are quantum amplifiers of highest
frequency of those in operation3® have been applied in
radiotelescopes in the USSR since 1968 (for more de-
tails, see Sec. 4).

4. APPLICATION OF QUANTUM AMPLIFIERS

The growing demands on information capacity and
long-range functioning of space communication lines
with stations launched into outer space, together with
the limited energy resources of these stations, have
engendered a need of attaining as high as possible (at
the current level of science and technology) an efficien-
cy of the Earth-based radio receiving systems.

For this reason, quantum amplifiers have been wide-
ly used in the Earth-based outer-space communications
systems in combination with large antennas specially
adapted for operation with quantum amplifiers.

The noise temperature T, of the entire radio receiv-
ing system (i.e., the aggregate of the antenna and the
radio receiving apparatus) is determined by the rela-
tionship

Tom Ty T Az Jn0A (4.1)

n n.

Here T, is the noise temperature of the antenna proper,
which is a measure of the noise received by the antenna
from the surrounding space, and 7 is the efficiency of
the feeder line that connects the primary irradiator of
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FIG. 4. Coupling of 2 QA
with a Cassegrain~type
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the antenna with the quantum amplifier; T,~300°K is
the temperature of the feeder line; T, 4, is the noise
temperature of the quantum amplifier.

In order to realize the potentialities of the QA in re-
ducing the noise temperature of the system, the first
two terms in (4.1) must be small. This imposes cer-
tain requirements on the antenna design.

In particular, since the antenna feeder line contrib-
utes appreciably to the noise temperature (e.g., in the
3-cm range, a waveguide 1 m long makes contribution
of about 10°K), one must shorten to a minimum the
length of the line between the QA and the irradiator of
the antenna.

This has required development of special low-noise
antennas.

Currently the most widespread type of low-noise an-
tenna is the two-mirror antenna, which is called a
Cassegrain antenna by analogy with the well-known
optical system.

Figure 4 shows a diagram of the coupling of a quan-
tum amplifier with such an antenna. Owing to the two-
mirror design principle of the antenna, the quantum
amplifier can be placed near the vertex of the large
mirror of the primary irradiator. This allows one to
reduce to a minimum the length of the wave guide line
and it also provides easy access to the quantum ampli-
fier and to the other receiving apparatus (when one
employs an ordinary one-mirror parabolic antenna,
one cannot simultaneously satisfy these two require-
ments).

In the described systems involving quantum ampli-
fiers, one can realize a noise temperature T of the
entire radio receiving system of about several tens of
°K (the record values for systems with large antennas
are as low as ~20 °K in the centimeter range with an
antenna facing the zenith).

Figure 5 shows one of the low-noise antennas of an
outer-space communication system that is equipped with
quantum amplifiers, The quantum amplifiers have
allowed reliable communication with automatic inter-
planetary stations (AIS) of the “Zond,” “Luna,” “Mars,”
and “Venera” series during the course of very import-
ant space experiments, including photography of the
back side of the Moon and in obtaining the unique photo-
graphs of the surface of Venus in the flights of the
“Venera-9~ and “Venera-10” AIS.

In the American Earth-based outer-space communi-
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FIG. 5.
equipped with quantum amplifiers.

Antenna of a long-range space communication system

cations systems (in American terminology, deep space
networks), which were set up at a number of points on
the Earth, quantum amplifiers have also been used as
low-noise input receiving instruments. Thus, in the
best-known Goldstone complex of NASA, which includes
three antennas 26 m in diameter and one 64 m in diam-
eter, 1-2 quantum amplifiers for the 12-cm wavelength
range were installed in each antenna, while in the 64-m
antenna several more amplifiers for other ranges were
installed in addition.?® The aforementioned amplifiers
are regularly used to receive information from inter-
planetary stations (including the AIS of the “Pioneer,”
“Mariner,” “Viking,” etc., series) for radar observa-
tion of the planets and in various radioastronomical
studies, including the Soviet-American experiments in
radiointerferometry (see below for more details).

It is considerably more complicated to ensure the
needed information capacity of the outer-space commu-
nication lines (Fig. 6) in flights of AIS to the outer
planets of the solar system. Under these conditions,
the importance of quantum amplifiers increases even
more,

-
o
L0

Bandwidth, Hz
S
N
.

107

: L
76 160 1500
Distance, millions of miles

FIG. 6. Information capacity of the Cosmos-Earth communi-
cation line.® Noise temperature of the Earth-based system T,
=50°K; wavelength 13 cm; diameter of the spaceborne antenna
mirror 1.2 m;diameter of the Earth~based antenna mirror 64 m,
Power of spaceborne transmitter 10 W (1) and 1 W (2).
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The application of quantum amplifiers in radioastron-
omy, which has increased the sensitivity of radiotele-
scopes by more than an order of magnitude, has opened
up new potentialities for radioastronomical studies and
has expanded our knowledge of the Universe.

Thus, a fundamental discovery of modern astro-
physics—the discovery of the remnant background cos-
mic radiation that has a temperature about 3 °’K—was
made in 1965 using a radio receiving apparatus contain-
ing a quantum amplifier.’® The apparatus, which was
designed for receiving weak signals reflected from a
passive Earth satellite in the 7-cm wavelength range,
owing to its extremely low noise temperature and exact
calibration could distinctly record the states “anomal-
ous” excess in the noise temperature of the antenna
over the noise temperature arising from the heat radia-
tion of the atmosphere.

The advances in planetary radar observation, this
new branch of radioastronomy, are to a considerable
extent also associated with the advent of quantum ampli-
fiers.

At present quantum amplifiers are generally employed
in the planetary radar stations in the USSR and the USA
as the input low-noise amplifiers.

Radar observation of the planets Mercury, Mars, and
Jupiter® was first carried out in the USSR by using a
quantum amplifier that was specially developed for this
purpose®” and which replaced the previously employed
parametric amplifier, and new radar studies of higher
information capacity were carried out on the planet
Venus. We can illustrate the role of quantum ampli-
fiers in these studies with the following examples. In
radar study of the planet Mercury during closest
approach of this planet to Earth, one must accumulate
the signal for 10-15 days, even when using a quantum
amplifier, in order to distinguish the signal from noise.
Without using a QA, one would have to accumulate the
signal during many cycles of approach of the planet,
which repeat every three months. This would extend
the observation to several years. Application of QA has
made it possible to perform reliable radar observations
of Venus and Mars over large regions of their trajec-
tories, which is essential in flight correction of inter-
planetary stations.

One of the very important fields of radioastronomy is
the study of the spectral lines of cosmic radio emission.
These studies were initiated about 25 years ago when
the first of the radiofrequency spectral lines of cosmic
radiation arising from quantum transitions in the hyper-
fine structure of the spectrum of neutral hydrogen was
found at the wavelength of 21 cm. Observations of the
21-cm line have become widely applied in studying the
interstellar medium and they have provided astronomy
with fundamental information on the structure and dy-
namics of the Galaxy. Application of quantum ampli-
fiers®®™ has increased by several orders of magnitude
the volume of the region of the Universe accessible to
study by this method.

It is of great interest to study the regions of excited
and ionized hydrogen (the so-called HII regions),
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which are closely connected with stars and which are
an important constituent of the Galaxy. The spectral
lines of the radio emission of excited hydrogen (lines
of the recombination spectrum) are about two orders
of magnitude lower in intensity than the neutral hydro-
gen line at wavelength 21 cm. Therefore prior at-
tempts by radioastronomers of a number of countries
to detect these lines were unseccessful.

Here we must make some explanations. The sensi-
tivity of a radiotelescope (the threshold signal ex-
pressed in °K of antenna temperature) is determined by
the formula*?

Ts .

Vars ' (4.2)
Here T, is the noise temperature of the entire radio re-
ceiving system [see (4.1)]; Af is the passband of the
radiometer up to the detector; 7 is the time constant of
the integrator following the detector; and « is a coeffi-
cient (of the order of unity) that depends on the type of
radiometer and integrator.

AT =a

When one carries out radioastronomical observations
in the continuous spectrum, the sensitivity of the radio-
telescope (which is usually limited by the available ob-
servation time for a given integration time 7) can be
increased not only by diminishing the noise temperature
T, but also by expanding the passband Af of the
radiometer. This method is widely applied in radio-
astronomical observations in the continuous spectrum.
However, in studying spectral lines of cosmic radio-
emission, the passband must be considerably smaller
than the width of the spectral line. Even in the milli-
meter wavelength range, the latter does not exceed
several MHz, while in individual cases it is of the order
of kHz. Therefore, in this type of radioastronomical
studies, the only method of increasing sensitivity is to
lower the noise temperature T, of the system. In this
regard the low-noise amplifiers of other types (travel-
ing-wave electron tubes, parametric amplifiers, tunnel
amplifiers, etc.), which are widely applied in continu-
ous-spectrum radiometers where they allow a high
radiometric sensitivity owing to their wide passband,
are considerably inferior to quantum amplifiers in
observations of spectral lines.

The detection by Soviet radioastronomers of spectral
lines of the radioemission of excited hydrogen became
possible after a marked (about twentyfold) increase in
the sensitivity of spectral radiometers that was attained
by using quantum amplifiers. The profile of the spec-
tral line of excited galactic hydrogen (Fig. 7) has been
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FIG. 7. Spectrogram of the radioemission line of excited hy-

drogen in the Omega nebula in the 5-cm range. Four spectro-
grams are averaged; the mean intensity outside the line is
taken as unity.
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observed for the first time by using a 5-cm-wavelength
TWQA. and systematic studies of this line have been
conducted in a number of nebulae,*:** including ex-
tremely weak sources—down to an intensity of 0.06°K.5

The installation of 8-cm traveling-wave quantum am-
plifiers in the RT22 radiotelescopes of the Institute of
Physics of the Academy of Sciences of the USSR (FIAN)
and of the Crimean Astrophysical Observatory (CAO)
has permitted reducing the overall noise temperature
by a factor of about 25.° A sensitivity was attained
of AT=0.05°K (Af=1 MHz, 7="50 sec) is spectral ob-
servations, and AT =0.08°K (Af=20 MHz, 7=1 sec)
in observations in the continuous spectrum. We should
note that the main contribution to the noise temperature
comes from the input waveguide units of the radiome-
ter,*® so that the stated values can be improved {e.g.,
by cooling the input ferrite modulator, etc.), especially
when using the amplifier in a radiointerferometer (see
below). This is because the number of waveguide units
at the input is diminished.

The attained high sensitivity has allowed detection of
the first spectral line in the millimeter wavelength
range; the radioemission line of excited hydrogen H56
a at 0.8 cm.*” Studies of this line have made it possible
to proceed from obtaining the integral characteristics
to studying the distribution of physical conditions
throughout the volume of the source, owing to the high
angular resolution of the RT22 radiotelescope at the
0.8 cm wavelength.

The discovery and extensive study of the spectral
radioemission lines of galactic hydrogen have made it
possible to obtain a set of important scientific results.
Thus, the existence has been proved of a discrete spec-
trum of excited hydrogen in the radio range, the ab-
sence of Stark broadening of the spectral lines has been
established (the latter has forced a reconsideration of
existing theory), the electron temperature and distribu-
tion of electron matter have been determined in differ-
ent regions of the Galaxy, and the dynamics of its
movement has been studied.*®

In 1973-1974, the RT22 radiotelescopes were fitted
with TWQA for the 1.25-1.35 cm range. This range is
of especial interest for radioastronomy, since this is
just where the spectral radioemission lines of water-
vapor and ammonia molecules were detected in the late
sixties in a number of regions of the Galaxy. Here, as
a rule, the water-vapor lines was unusually narrow (of
the order of tens of kHz). This is explained by the
effect of stimulated emission in cosmic nonequilibrium
systems (the “cosmic maser”). Further studies of
this line can cast light on the process of star formation.

Application of quantum amplifiers has considerably
increased the number of weakly emitting regions in
which such phenomena can be studied.

In the 1.35-cm range, an overall noise temperature
T, of the system has been obtained in the CAO RT22

8) A spectral radioemission line of excited helium has been
detected in the same apparatus in the 5-cm wavelength -
range. %
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FIG. 8. Examples of recordings obtained by using a TWQA at
the 1.35 cm wavelength, a) Spectrogram of the emission line
of water vapor in the source W3 (readings every 115 kHz); b)
recording of the radioemission of the source P 1055 in the
continuous spectrum.

radiotelescope in the range from 80 to 120 °K (depending
on the complexity of the input waveguide tract of the
radiometer and on the state of the atmosphere). This
corresponds to an approximately twentyfold gain in
sensitivity.

Figure 8 shows examples of recordings* obtained by
. employing amplifiers in the 1.35-cm range in the FIAN
RT22 (Fig. 8a) and CAQ RT22 (Fig. 8b) radiotelescopes.

Until recently no radiometric apparatus had been
built abroad that had the sensitivity in the 0.8-1.3 cm
range that was attained in the RT22 radiotelescopes,
which are equipped with quantum amplifiers.:35,
This has been true not only of spectral radiometers,
but also of the continuous-spectrum radiometers that
are being employed in radiotelescopes.’® The high
sensitivity of the apparatus in these wavelength ranges
has made it possible to use the RT22 radiotelescopes
for a series of currently important radioastronomical
studies also in the continuous spectrum: measuring the
emission intensity at 0.8 and 1.35 cm from many cos-
mic sources (quasars, galaxies, supernova remnants,
etc.) and tracing the flux variation over several
years®'™*; measuring and interrelating with high ac-
curacy at the states wavelengths the brightness tem-
peratures of almost all the planets of the Solar Sys-
tem,5%:%5 etc.

Recently interest has grown in radioastronomical ob~
servations in the shorter millimeter wavelengths, es-
pecially in connection with the discovery in this range
of cosmic emission lines corresponding to rotational
transitions of a number of molecules. The sensitivity
of radiometers at these wavelengths is very low.
Hence the problem of building efficient low-noise input
devices at wavelengths shorter than 0.8 cm is very
urgent.

The efficiency of parametric amplifiers in these
ranges is small, while the design of effective QA, es-
pecially TWQA, for radiotelescopes at short millimeter
wavelengths involves great difficulties.

Taking these circumstances into account the following
low-noise apparatus seems highly promising for appli-
cation at short millimeter wavelengths. The described
TWQA for the 1,35-cm (or 0.8-cm) range, can be used
as an intermediate-frequency low-noise amplifier and
as a tunable low-noise frequency converter (Joseph-
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son,®® varactor, etc.) installed at the input of the slow-
wave system of the TWQA and cooled along with it to
liquid-helium temperature. One can hope that the over-
all noise temperature of this instrument will not on the
hole exceed 100 °K almost throughout the whole milli-
meter wavelength range.

It has proved highly effective to apply quantum am-
plifiers in radiointerferometers with very long base-
lines, which recently have become a powerful means
of studying quasars and galactic nuclei—extremely
interesting cosmic objects whose nature is one of the
fundamental problems of study in modern astrophysics.
Indirect data appeared in the mid-sixties that most of
these objects have extremely small angular dimen-
sions—less than a thousandth of a second of angle. We
clearly need the construction of radioastronomical in-
struments of angular resolution of the stated order to
study them. This has served as a stimulus for building
very-long-baseline radiointerferometers (VLBRI) that
allow one to obtain the needed high resolution by separ-
ating the endpoints of the radiointerferometer to the
maximum possible distance within the limits of the
globe (8-10 thousand km) and by using the shortwave
part of the centimeter wavelength range.”

The VLBRI method consists in independent synchro-
nous detection of signals from the studied radio source
at the ends of the baseline and subsequent joint corre-
lation processing of these signals on a computer. The
coherent conversion of the received high-frequency
signals into videofrequency signals recorded on a mag-
netic tape and also the synchronization of the records
at the different points are performed by using highly
stable quantum (atomic) frequency standards.*?57"%

The first experiments on intercontinental baselines,
which were conducted at 18 and 6 cm wavelengths,
showed that one must employ the shorter centimeter
wavelengths and a receiving apparatus with the maxi-
mum possible sensitivity for efficient operation of
VLBRIL.%®

Just as in the studies of spectral lines, the possibil-
ities of enhancing the sensitivity of the receiving appa-~
ratus by increasing the bandwidth of received signals
are restricted here. In this case the restrictions arise
from the means of detecting the signals; in the present-
day apparatus the maximum frequency of recordable
signals does not exceed several MHz.*' Hence the only
way to increase the sensitivity of VLBRI is to use re-
ceiving instruments having the minimum possible noise
temperature. In this regard it has been concluded that
the most suitable receiving instrument for VLBRI,
especially for short centimeter wavelengths, is the
traveling-wave quantum amplifier,3%:%

Both of the stated conditions—use of short centimeter
wavelengths and highly sensitive receiving instruments
—have been fulfilled in joint Soviet-American observa-
tions of compact cosmic radioemission sources per-

U The angular resolution of a radiointerferometer (in radiang)
is approximately equal to the ratio of the wavelength to the
length of the baseline.
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formed at the wavelength 3.5 cm in 1971 in an inter-
continental radiointerferometer with a USSR~USA base-
line about 10 thousand km long.® "%

The angular resolution realized in this radiointer-
ferometer and the high sensitivity [a flux of less than
one flux unit (10 W/m?- Hz) was detected at a level
tenfold higher than the noise sensitivity] that was made
possible by using quantum amplifiers® enabled the ob-
servers to reveal the complex structure of a number of
compact sources (quasars, galaxies, etc.) and to estab-
lish the existence of them of compact components whose
angular dimensions are less than 3X10™ seconds of
angle.® It takes an even shorter wavelength to study
these components. VLBRI experiments were per-
formed in 1976 at the wavelength 1.35 cm with tele-
scopes situated on three continents: in the USSR
(Crimea, CAO RT22 radiotelescope), in the USA, and
in Australia. The CAO RT22 radiotelescope where a
quantum amplifier was used, has the lowest noise tem-
perature.? % In these experiments an angular resolu-
tion of about 10™ seconds of angle was attained.®

The conversion of VLBRI into an instrument for sys-
tematic radioastronomical observations will allow us to
extend considerably our knowledge of the Universe.

The VLBRI method can also find a number of very im-~
portant applications in geophysics and navigation. As
a rule, one requires here the maximum possible sen-
sitivity, which is made possible by quantum ampli-
fiers, 8657

Thus, in the period that has elapsed since the time of
discovery of the principle of quantum amplification,
quantum amplifiers of radio waves have been converted
from laboratory research instruments into technically
refined instruments whose application in outer-space
communication and in radioastronomy has allowed us
to obtain a number of important results in studying
outer space.

IN, G. Basov and A. M. Prokhorov, Zh. Eksp. Teor. Fiz. 28,
249 (1955) [Sov. Phys. JETP 1, 184 (1955)].

’N. Bloembergen, Phys. Rev, 104, 324 (1956),

3G. M. Zverev, N.V, Karlov, L. S. Kornienko, A. A. Manen-
kov, and A, M, Prokhorov, Usp, Fiz, Nauk 77, 61 (1962)
[Sov. Phys, Usp. 4, 401 (1962)].

4A. Sigmen, Mazery (Masers), Mir. M., 1966,

5N. V. Karlov and A. A. Manenkov, Kvantovye usiliteli (Quan-
tum Amplifiers), VINITI, M., 1966 (Results of science).

6v. B. Shtelnshleiger, G. S. Misezmikov, and P. S. Lifanov,
Kvantovye usiliteli SVCh (UHF Quantum Amplifiers), Sov.
Radio, M., 1971,

s, A, A tshuler and B. M. Kozyrev, Elektronnyi paramag-
nitnyi rezonans (Electron Paramagnetic Resonance), Nauka,
M., 1972 (Engl. Transl., probably of an earlier edition,
Academic Press, N. Y,, 1964).

8A. Abragam and B. Bleaney, Electron paramagnetic reso-
nance of transition ions, Clarendon Press, Oxford, 1970
(Russ, Transl., Mir, M., 1972).

%, 8. Kornlenko, in Paramagnltnyi rezonans (Paramagnetic
Resonance), Nauka, M., 1971, p. 108.

10g, K, Zavoiskil, Doctoral dissertation, FIAN SSSR, M.,
1944; J. Phys, USSR 9, 245 (1945).

Up)oembergen, S. Shapiro, P. S. Pershan, and J. O. Artman,
Phys. Rev, 114, 445 (1359).

863 Sov. Phys. Usp. 21{10}, Oct. 1978

12p. A. Manenkov and A. M. Prokhorov, Zh. Eksp. Teor. Fiz.
29, 762 (1955) [Sov. Phys. JETP 2, 650 (1956)].

131, 1. Eru, S. A. Peskovatskii, and A. N, Chernets, Fiz.
Tverd. Tela 9, 1329 (1967) [Sov. Phys,. Solid State 9, 1040
(1967)] .

141, 1, Eru, S. A, Peskovatskil, and A. N, Chernets, Radio-
tekh, Elektron. 13, 1045 (1968).

15A. A. Akhumyan, R. M. Martirosyan, and V. P. Shakbparyan,
in Abstracts of the 2nd All-Union School-Seminar on UHF
Radio Receiving nstruments, Academy of Sciences of the
Armenlan SSR, Ereva.u, 1974, p. 33.

16y, B, Shteinshleiger, Radiotekh. Elektron. 4, 1947 (1959); 7,
1253 (1962).

1"N. V. Karlov and A. M. Prokhorov, ibid. 8, 453 (1963).

18M, E. Zhabotinskii and A, V. Frantsesson, ibid. 12, 56
(1967).

%R, M. Martirosyan and A, M. Prokhorov, Prib. Tekh, Eksp
No. 1, 106 (1964).

20p, 8. Lifanov, L. L. Nevostrueva, M. P, Stolpyanskii, K., V.
Filatov, and V. B, Shteinshleiger, Radiotekh. Elektron. 11,
1586 (1966).

AM, E. Zhabotinskil and A, V. Frantsesson, Radiotekh,
Elektron. 12, 63 (1967).

2y, M. Turevskii and P. S. Shumyatskii, Prib. Tekh. Eksp.
No. 4, 144 (1971).

23, J. Cook, L. G. Cross, M, E, Bair, and R. W, Terhune,
Proc. IRE 49, 768 (1961),

%G, S. Misezhnikov, M. M. Mukhina, and V. B, Shteinshleiger,
Prib. Tekh. Eksp. No. 3, 138 (1971).

%y, I, Zagatin, G. S, Misezhnikov, and V. B. Shtei.nshlefger,
Radiotekh. Elektron. 12, 539 (1967).

%H, Heffner, Proc. IRE 50, 1601 (1962).
2N, V. Karlov and A. M, Prokhorov, Radiotekh, Elektron. 7,
328 (1962).

#Ya, L. Shamfarov, N. T. Cherpak, and A. V. Tridub, ibid.
20, 1673 (1975).

2y [, Zagatin, G. S. Misezhnikov, and V. B. Shtelnshleiger,
Izv. Vyssh., Uchebn. Zaved. Radiofiz. 16, 685 (1973).
30E, L. Kollberg, Proc. IEEE 61, 1323 (1973).

3F. R. Arams and B. J. Peyton, Proc. IEEE 53, 12 (1965).

32y, De Coatpont and A, Robert, L’Onde Electr. 47, 165
(1967).

%5, Yngvesson, IEEE Intern, Conv. Digest, 1971, p. 161,
MEkspress-informatsiya. Ser. “Radiotekhnika sverkhvysokikh
chastot””, VINITI, M., 1967, No. 33.

M. S. Reid, R. C. Clauss, D. A. Bathker, and C. T, Stelz-
ried, Proc. IEEE 61, 1330 (1973).

3A. A, Penzias and R. W. Wilson, Astrophys. J. 142, 419
(1965).

1M, E. Zhabotinskii and A. V. Frantsesson, Radiotekh. Elek-
tron. 9, 114 (Sicl).

By, A. Kotel’nikov et al., Dokl. Akad. Nauk SSSR 147, 1320
(1962); 155, 1037 (1964); 163, 50 (1965) [Sov. Phys. Dokl. 7,
1070(1963); 9, 250 (1964); 10, 578 (1966)] .

¥4, E. Lilley and E. B. Treacy, in Proc. 3rd Intern. Confer-
ence on Quantum Electronics, Paris, 1964, p. 872.

40R, M. Martirosyan, A. M. Prokhorov, and R. L. Sorochenko,
Dokl. Akad. SSSR 156, 1326 (1964) [Sov. Phys. Dokl. 9, 482
(1964)]
4y, v, Bystrova, I, V, Gosachinsku T. M. Egorova, N. F.
Ryzhkov, and A. V. Frantsesson, Astron, Zh. 45, 225 (1968)
[Sov. Astron. 12, 179 (1968)].

42N, A, Esepkina, D, V. Korol’kov, and Yu. P, Parﬁskli,
Radioteleskopy i radiometry (Radiotelescopes and Radiome-
ters), Nauka, M., 1973.

#3A, F. Dravskikh, Z. D, Dravskikh, V. A. Kolbasov, G. S.
Misezhnikov, D. E. Nikulin, and V. B. Shtelnshlelger, Dokl.
Akad, Nauk SSSR 163, 332 (1965) [Sov. Phys, Dokl. 10, 627
1966)] .

4y_ M. Gudnov and R. L. Sorochenko, Astron, Zh. 44, 1001
(1967) [Sov. Astron. 11, 805 (1968)] .

L. S. Kornienko and V. B. Shte‘u’nshle‘u’ger 863



4y, M. Gudnov, V. V. Zolotov, L. M. Nagornykh, and R. L.
Sorochenko, Astron. Zh. 45, 942 (1968) [Sov. Astron. 12,
747 (1969)].

4%y, I, Zagatin, G. S, Misezhnikov, V. A. Puzanov, A. E.
Salomonovich, R. L. Sorochenko, and V. B. Shte‘fnshle'lger,
Prib. Tekh. Eksp. No. 5, 118 (1968).

4’R. L. Sorochenko, V. A. Puzanov, A. E. Salomonovich, and
V. B. Shteinshleiger, Astrophys. Lett. 8, 7 (1969).

48R, L. Sorochenko and I. I. Berulis, Astron. Zh. 47, 4 (1970)
[Sicl).

4%y, 8, Ablyazov, V. L. Zagatin, B. G. Kutuza, L. M. Nagor-
nykh, R. L. Sorochenko, V. I. Sosnin, and V. B. Shtefn-
shle'iger, see Ref. 15, p. 135; A. V. Efanov, V, 1. Zagatin,
1. G, Moiseev, N. S. Nesterov, R. L. Sorochenko, and
V. B. Shtelnshleiger, ibid., p. 127.

5%A. G. Kislyakov, Usp. Fiz. Nauk 101, 607 (1970) [Sov. Phys.
Usp. 13, 495 (1971)].

5y, A. Efanov, I. G. Moiseyev, H. M. Tovmasjan, V. B.
Shtelnshleiger, and V. I. Zagatin, in Symposium No. 44,
Uppsala, Sweden, D. Reidel, Amsterdam, 1972, p. 225,

52y. A. Efanov, V. L Zagatin, 1. G. Moiseev, N. S. Nes-
terov, and V. B. Shteinshlelger, Astron. Tsirk., No, 842
(1974).

8y, A. Efanov, A. G. Kislyakov, I. G. Moiseev, N, S. Nes-
terov, V. I Chernyshev, and V. B. Shteinshleiger, Izv.
Krymskol Astrofiz. Obs. 53, 196 (1975).

544, D. Kuz'min and Yu. N. Vetukhnovskf{, Astron. Vestn. 4,
8 (1970); B. Ya. Losovskil and A. D. Kuz’min, ibid. 5, 78
(1971).

5%y, A. Efanov, V. L Zagatin, A. G. Kislyakov, I. G. Moiseev,
N. S. Nesterov, and V. B. Shte’i‘nshle‘iger, ibid. 11, 25
(1977).

56y, Taur, J. Classen, and P. Richards, Proc. IEEE Trans.
MTT-22, 1005 (1974).

864 Sov. Phys. Usp. 21(10), Oct. 1978

5TM, H. Cohen, Proc. IEEE 61, 1192 (1973),

%M, H. Cohen, D. L. Jauhcey, K. I. Kellerman, and B. G.
Clark, Science 162, 88 (1968) [Russ. Transl., Usp. Fiz.
Nauk 100, 135 (1970].

K. I. Kellerman, Sci. American 226, No. 2, 72 (1972) [Russ.
Transl., Usp. Fiz. Nauk 109, 591 (1973)].

80K, I. Kellerman, D. L. Jauncey, M. H. Cohen, B. B. Shaf-
fer, B. G. Clark, J. Broderick, B. Konnang, O. E, H.
Rudbeck, L. Matveyenko, I, Moiseyev, V. V. Vitkevich,

B. F. C. Cooper, and R, Batchelor, Astrophys. J. 169, 1
(1971).

1B, G. Clark, Proc. IEEE 61, 1242 (1973),

2B, Klark, D. D. Broderik, V. A. Efanov, K. I. Kellerman,
M. Kh. Kouén, L. R. Kogan, V. I. Kostenko, L. I. Mat-
veenko, I. G. Moiseev, M, M, Mukhina, V. B. Shtein-
shlefger, and D. L. Yansi, Astron. Zh. 49, 700 (1972)

[Sov. Astron. 16, 576 (1973)}.

M, M. Mukhina, G. S. Misezhnikov, and V. B. Shteinshei-
ger, Radiotekh, Elektron. 18, 1746 (1973).

641,. I. Matveenko, L. R. Kogan, V. I. Kostenko, I. G. Moiseev,
V. A, Efanov, B. G. Klark, K. I. Kellerman, D. D. Grou,
M. Kh. Kouen, D. D. Broderik, and D. L. Dzhonsi, As-
tron. Zh. 50, 1187 (1973) [Sic!]. .

S5R. Batchelor ef al,, Pis’'ma Astron. Zh. 2, 467 (1976) {Sov.
Astron, Lett. 2, 181 (1976)].

%61, Shapiro and C. Knight, in Earthquake Displacement Fields
and the Rotation of the Earth, Ed. L. Masinha et al.,

D. Reidel, Amsterdam, 1970, p. 284.
$7C. C. Counselman III, Proc. IEEE 61, 1225 (1973).

Translated by M. V. King.

L. S. Kornienko and V. B. Shtelnshlelger 864




