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The feasibility of a new type of cw maser scheme with potentially good characteristics is discussed
for the particular case of an yttrium ethyl sulfate crystal containing the impurity ions **Nd3+,
172TH3+, and "8Er®*. This type of scheme differs from the classical three-level scheme in that the
quantum amplification occurs under conditions of partial inversion of the populations among the
sublevels of working ions with an effective electron spin } and a nonzero nuclear spin and is

sustained mainly by the energy of thermal phonons of the crystal lattice, which is cooled to liquid-
helium temperatures. Here the exciting microwave radiation is only the means of producing the

population inversion.

1. Spin systems in paramagnetic crystals played a pro-
minant conceptual role in the early development of quantum
electronics. The feasibility of a three-level maser scheme was
first demonstrated for systems of this type and later carried
over into the optical region (the ruby laser)." Subsequently,
electric-discharge, chemical, and gasdynamic lasers in the
optical region utilized methods of obtaining population in-
versions without the use of optical pumping. These methods
employed new, rather general physical ideas and principles,
including: 1) the use of many-component active media con-
taining particles of different kinds, each fulfilling a different
function in the creation of the population inversion in accor-
dance with its spectroscopic and relaxational properties; 2)
the use of resonant energy exchange between particles of
certain kinds; 3) partial population inversion; 4) thermal
pumping. An example of the simultaneous embodiment of
these principles is the thermal gasdynamic IR laser working
on vibrational-rotational transitions of diatomic molecules
with a partial population inversion.?

Meanwhile, for spin systems in paramagnetic crystals
there had not been as much progress by the end of the 1970s
in methods of obtaining inversion in the microwave region,
although several extremely important ideas had been ex-
pressed.>* The methods that had been implemented in prac-
tice all somehow or other involved microwave or optical
pumping.*° Principles 1) and 2) were not widely used,® al-
though one way of implementing them was first employed in
the Scovil maser back in 1957.! The partial inversion
achieved in experiments on the slightly off-resonance satura-
tion of the ESR line was too small for practical use.*

A certain gap had thus developed in the conceptual
principles used to obtain inversion in the optical and micro-
wave regions, prompting me to study the possibility of ex-
tending the new ideas that have proved successful in lasers
(principally in the gasdynamic laser) to spin systems in
paramagnetic crystals. This problem, which is in some sense
opposite to that faced in the early development of quantum
electronics, is of obvious theoretical and practical interest.

2. As a first step, I proposed theoretically’ and then,
together with Khasanov and Imamutdinov,®® successfully
implemented a novel type of pulsed paramagnetic maser in
which the quantum amplification is sustained directly by the
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energy of thermal phonons in the crystal. The working mod-
el of the maser was a crystal of lanthanum-magnesium dou-
ble nitrate La,Mg,;(NO;)24H,0(LaMN) containing im-
purities of ~0.1at.% *°Co®>* (workingion A) and ~ 3 at.%
Ce?** (ion B). The crystal was cooled to T, = 1.7 K and
placed in a static magnetic field H, directed at a small angle
6, to the crystalline axis C;||Z. The values H,~ 1.8 kOe and
6,=1° were chosen such that the Zeeman splitting &,
= §, (H,) of the electronic spins.S, = } of the cobalt fell in
the frequency range A =~ 3 cm of the ESR spectrometer, while
the small Zeeman splitting 65 (H,) of the cerium spins
Sp =4, characterized by a highly anisotropic g factor

(gf = 0.0235, g7 = 1.8264), was equal to 4 /2, where 4 is
the hyperfine-structure constant of the working ions in the
field H,. In this case a strong cross relaxational coupling
arises, and an effective thermal contact is established
between the nuclear spins I = 7 of the Co®® and the elec-
tronic spins of the cerium. The latter are then artificially
cooled by adiabatic demagnetization in half-sinusoidal mag-
netic-field pulses H? (¢) oriented perpendicular to the C,
axis. After a field pulse has ended, the coupling of the nu-
clear spins of the Co® and the cooled (polarized) spins of
the Ce* causes a rapid thermal mixing, establishing a tem-
perature 7 that is substantially lower than the electronic
spin temperatures T4 ~7, of the 4 ions. As a result, the
system of spin sublevels in the cobalt acquires a short-term
nonequilibrium population distribution of the form’

1 exp (—8,M/kT*—AMm/kT,)sh (A/4kT;)

2ch(84/2kTs*)sh[A (21+1)/kT,] ’ "

where n, is the concentration of 4 ions and M = +} and
— I<m<I are the electronic and nuclear spin quantum
numbers. If the gap between T, and T % is sufficiently large,
a partial population inversion arises, and stimulated-emis-
sion signals appear®® in the ESR spectrum of the >°Co”* ions
at the hyperfine transitions },m < — },m with quantum
numbers m < 0 satisfying the relation’

—Am|T,>6,/Ts 2)

n(M,m)=

It has been shown'® that a thermal maser of this type,
like the gasdynamic laser,>* can be treated as a quantum
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heat engine executing a cyclic process which has all the char-
acteristic features of the Carnot cycle. Here the 4 ion plays
the role of a working medium with a discrete energy spec-
trum. The crystal lattice and the system of cooled B spins are
the two heat reservoirs at different (but positive) tempera-
tures. The quantum amplification occurs at the expense of
energy from the “hot” reservoir (the lattice). The amplified
radiation is analogous to mechanical work.

This maser thus embodies the same ideas and principles
used in the partial-inversion gasdynamic laser.

3. The most logical next step in this program is to search
for ways of achieving steady-state quantum amplification in
masers schemes of the type described. In this paper we con-
sider one of the ways of solving this problem, using a combi-
nation of thermal excitation and microwave pumping.” The
basic idea of our proposal is as follows.

It is perfectly obvious that a maser scheme of this type
would be capable of cw operation if the polarization of the
spins Sp were kept constant. This can be achieved through
the steady-state dynamic polarization of the spins S by a
technique of the type used for the dynamic polarization of
nuclei (DPN) of diamagnetic atoms through the familiar
solid effect.'®!® To arrange this the crystal must additionally
contain paramagnetic ions of a third kind (C) with suitable
spectroscopic and relaxational properties.

To demonstrate this proposal let us consider a crystal of
yttrium ethyl sulfate (YES) containing the following impu-
rity ions A, B, and C, respectively: '*Nd3+
lgf =3.665, g =1.98 (Ref. 14), 4 | =0.0375 cm™!,
A4, =0.0198 cm™' (Ref. 15)], '*Yb** [gf =3.328, g
~0.01 (Ref. 16)], and 'S®Er3+ [gf: 1.5, g€ =8.77 (Ref.
14)]. In a static magnetic field H oriented in the XZ plane at
an angle 6=90° to the crystalline axis C;||Z, the Zeeman
splitting 5. of the Er** spins Sc = 1/2 satisfy the relation
6c>65 ~A /2. By analogy with ordinary DPN it follows
that the steady microwave saturation of the forbidden transi-
tions at one of the frequencies

vy=(8c£0s) /b (3)

will, under certain conditions,'?!? lead to a steady positive
or negative polarization of the spins .Sy . The problem essen-
tially reduces to one of demonstrating that all the necessary
conditions can be satisfied under our peculiar circum-
stances, mainly: 1) The spins Sy to be polarized are elec-
tronic rather than nuclear; 2) the concentration of the spins
S5 is relatively low; 3) the g factor of the spins S is highly
anisotropic; 4) the spin-lattice relaxation time of the spins
Sp is relatively short. Using the theory of the solid effect for
conditions of good spectral resolution, one can easily show
that with the proper choice of ion concentrations and experi-
mental conditions the undesirable influence of factors 1-4
on the parameters determining the degree of polarization of
the spins Sy can be made to cancel.
In fact, in the case of a pair of spins .S § and S/ coupled
by a dipole--dipole interaction, the probability W
= 4|g;; |*W of the forbidden transition involving a flip of the
spin S contains (together with the probability W of an al-
lowed transition between the Zeeman sublevels of the spins
S¢) the quantity
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where the polar and azimuthal angles 6; and ¢;; define the

position of the radius vector r; joining spins S ; and S/ ina

spherical coordinate system, /3 is the Bohr magneton,
[0_ (,1+02)'/z]2

sinz 6(02+1) {1+[0_(1+02)l/1]2}2 )

F(8)= (5)

with o = (gjj/g?)cot 6; F(6 = 90°) = 1. It is seen from (4)
that the circumstance that the average value of 7;° Sis rela-
tively small on account of the diluteness of the system of
spins S can be compensated by the large factor (g;/g7)?,
which is absent in the ordinary nuclear case but approxi-
mately equal to 1.1 - 10° for !7>Yb3*. Therefore, the param-
eter a appearing in the theory,'? viz.

a=4% ZI%IZ

can reach the same values (1073-107*) as in the case of
DPN.

The leakage processes in the system are determined by
the quantity
(To') =T+ AT, [1— (Pi¥)?], Put=—1th(6./2kT.),

ns
@)

which characterizes the spin-lattice relaxation rate of the
spins Sy under conditions of effective thermal contact of
these spins with the nuclear spins I of the working ions 4.”
Here n, denotes the concentration of ions of species ¥ = 4,
B, and C, and T, is the electronic spin-lattice relaxation time
of the spins S, on account of the direct electron-phonon
interaction of the corresponding ions species with lattice vi-
brations. Even at rather low temperatures, (7 ;) ! can ex-
ceed the leakage rate by 2-3 orders of magnitude in the ordi-
nary nuclear case, but the undesirable increase in the leakage
factor!?

(6)

f=ns(Ts")"/ncalc" (8)

can be compensated by the correspondingly smaller (by vir-
tue of circumstance 2) rationg /n..

The relatively high (by virtue of circumstance 1) rate of
spin diffusion will lead only to a faster establishment of a
uniform polarization of the spins S over the volume of the
crystal.

Thus the familiar conditions!? for the solid effect,

a T S W T, To, €))
fa<1, (10)
under which the polarization Py = — tanh(85/2kT %) of

the spins Sp and the thermal-equilibrium polarization P %
= — tanh(8,/2kT, ) of the spins S reach the limiting re-
lationship!?

P B=:’:P CL, ( 1 1 )
are not any more stringent than in the case of DPN (if we
ignore several undesirable factors described below). This as-

sertion is also supported by numerical estimates made for the
YES crystal under the following conditions: n, = 1 at.%
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(=19:107%cm™3%),ny; =2at.%,nc =1at.%, T, = 1.5
K, H = 2.908 kOe, and @ = 88°45'. Under these conditions
85/h = A, /2h =300 MHz, ensuring thermal contact of the
electronic spins of '*Yb** with the nuclear spins 7 =  of
the '>°Nd>~ ions. At the same time, the pump frequency v,
= (6¢c + 65)/h =36 GHz and the signal frequency v4
= 10.1 GHz at the transition 4, + I <> — }, + I of the neo-
dymium ions at maximum inversion fall in technically well-
mastered ranges; the latter frequency is determined from the
relation

ver=(8,=Al) h~ (g, *pH=A I)/h. (12)
The spin-lattice relaxation rates T ' were determined by
extrapolation from the experimental curves given in Refs. 14
and 16: T '~1.2 sec™!, T5'=<0.5 sec™!, T ¢ '=1900
sec ™. For an approximate estimate of the lattice sumin (6)
one can replace cos” @;; in (4) by the average value } and use
the results of Ref. 17. This procedure gives for this sum an
expression of the form (Cy/2) - 16.25a¢ (f\"), where
a~14.05 A (Ref. 17), Cz = 0.02 is a parameter indicating
the fraction of the Y>* ions that have been replaced by ions
of species B. We finally get a~1.4-1073, (T;) '=1.1
sec™!, f~0.8. Condition (10) holds easily, and, in view of
the large value of g€, condition (9), where W « (gf)?, is also
easily satisfied.”

Figure 1 shows the population distribution in the spin
system of our YES crystal for the cases of positive and nega-
tive temperatures T % of the spins S.

4. Let us now discuss the maser characteristics of this
class of paramagnetic crystals. In the idealized limiting case,
Eq. (11) with 85 =4 /2 implies T¢= + AT, /25¢.
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Further assuming thatm = F 1,7, = T2,and T4 =T, in
(2) and taking (3) and (12) into account, we transform the
inversion condition (2) into

vs*[vpr<2I. (13)
It follows from (13) that maser schemes of this type in prin-
ciple admit a large (for I = Z, almost seven-fold) excess of
the amplified-signal frequency v& (12) over the microwave
jump frequency v,;= (3); this excess is considerably greater
than the 1.5-fold excess permissible in the maser schemes
known previously.® The signal frequency can thus be tuned
over wide limits by changing the magnitude and direction of
the field H, even at a fixed pump frequency.

Because g <g€ in the '**Nd>*:'"2Yb*+:'8Er*+.YES
crystal, the relation v§~ > v;* cannot be satisfied for this par-
ticular object.>» However, in this material one can apparently
demonstrate another important advantage of the proposed
maser schemes when Av* > hvg ~kT,, namely, the high
values of the inversion coefficient K , ; for the transitions
withm = + I. In particular, a calculation by Eq. (1) for the
conditions used in the limiting case described above gives
K , ; =~14.6. For comparison we note that in the idealized
three-level scheme with the same pump and signal frequen-
cies the inversion coefficient is =2.6.

Quantum amplification can be achieved simultaneously
for several neighboring hyperfine transitions 1/2,
m < — 1/2,m with numbers m of the same sign, but the
inversion coefficient falls off with decreasing |m|. Maser am-
plification is also possible for 7% <0, at the low frequency
vy =65/h=A/2h.

In the case when the vector H, of the magnetic compo-
nent of the microwave signal is oriented along the Z axis, the

FIG. 1. Population distribution in the spin system of an yttrium
ethyl sulfate crystal containing impurity ions '**Nd*+, '2Yb**,
and '®Er** (species A, B, and C, respectively) at saturation of the
forbidden transitions at frequencies v,” = (8¢ — 85 )/h and v,"
=(8c +65)/h. The energies are E, =6,M+ AMm,
Eg =6pMp, Ecg =6cMc +6pMp; M= + 4, My = 1}, and
Mc = 44 are the electron spin quantum numbers
(S, =83 =Sc =14); the quantization direction in this case is
along the field H. The dot-and-dash curves in the left-hand parts of
a and b correspond to exp( — 6,/kT, ), where T, is the lattice
temperature, the dashed curve corresponds to exp( — 4 /2kT},),
and the dashed curve in the middle and left-hand parts of a and b
corresponds to exp( — 8, /kT ). The spin temperature T2~ T,.
The right-hand parts of a and b shows the population distribution in
a system of pairs of spins S and S4. coupled by a dipole-dipole
interaction. The population distribution over the sublevels of the
ions '*Nd>* and '7>Yb** at a positive temperature T2 (part a) is
analogous to that which occurs in the crystal °Co?*:
Ce’*:LaMN.??
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imaginary part y” of the complex magnetic susceptibility of
our material at the frequency of the hyperfine transition with
m = + I can be found from the formula'®

_ 7 (gy*) B2 K naATiy (1)
2h (A'\’)A

Here A7, ( + I) is the thermal-equilibrium value of the dif-
ference of the relative (per ion) populaticns at the transition
with m = + I, and (Av), =30 MHz' is the width of the
individual hyperfine components in the ESR spectrum of
143Nd3*. For the conditions described above, the limiting
value of 4ry” is =0.3, more than an order of magnitude
greater than the typical value 47y” = 0.01 for the ruby ma-
ser.® It follows that our material can be better than ruby in
one of the most important characteristics (y”) provided
only that the optimum values of the concentration n, and
temperature 7, will not be too different from the values used
in the calculations. In regard to this last assumption, how-
ever, we note the following.

5. We have ignored a number of factors capable of com-
plicating the operation of the proposed maser scheme in the
YES crystal and affecting the optimum values of n, and 7.
These factors include: a) the “phonon bottleneck” in the
spin-lattice relaxation of the Er>* ions; b) appreciable inho-
mogeneous broadening the the ESR lines of Er** and Yb*™;
c) cross relaxation processes between the electronic spins of
Nd** and Er’*; e) cross relaxation in the system of hyper-
fine lines of the '**Nd** ions. Similar factors can come into
play in other objects as well, and so a discussion of their role,
even on a qualitative level and for a particular example, is of
definite interest.

Judging from the experimental studies,?>?! factors a
and b can be important under the conditions described
above; this circumstance, as in the case of DPN, %13 is unde-
sirable. It follows from Ref. 13, however, that even a very
narrow phonon bottleneck does not increase the polariza-
tion attainable in the solid-effect method to below 2P %/3.
Estimates based on the data of Ref. 21 show that the polar-
ization decrease due to factor b should not be catastrophic
either.

The experimental data of Ref. 22 imply that the rate of
process ¢ under the chosen conditions is negligibly low. Pro-
cesses d can be as undesirable here as the analogous cross
relaxation processes are in ruby,® although situations are
possible in which these processes will increase the inversion.
In view of the appreciable difference in the splittings 5, and
S¢ it seems unlikely that these processes will play an impor-
tant role at the chosen concentrations n, and n.. If this
turns out not to be the case, then the undesirable influence of
this cross relaxation (like that of the possible phonon bott-
leneck in the spin--lattice relaxation of Er**) can in princi-
ple be weakened by decreasing the concentration n. of the
Er** ions. [The corresponding undesirable increases in the
leakage factor (8) can be compensated either by making a
small increase in the angle 8, which would lead to an increase
in the parameter @ (6) on account of the strong angular
dependence of the function F(8) (5), or by replacing the
172Yb*+ jons by '**Dy** ions (gf = 10.9, g7 ~0.08)** and
choosing 6 = 90°.]

4ay” (14)

744 Sov. Phys. JETP 62 (4), October 1985

It follows from the physics of the solid effect that for
fixed np and nc there should be a concentration n, that
optimizes y” (14) even in the absence of processes d and e.
However, these processes can actually turn out to be the
most important factors determining the where the optimum
occurs and the value reached there. Judging from a compari-
son of the ESR data for **Nd** ions in YES and for X-
3%Co?* in LaMN and from the fact® that cross relaxation of
type e does not manifest itself in the latter at a concentration
1.6 - 10'cm 3, one can conclude that processes of type e are
also unimportant in the YES crystal at the same concentra-
tion of neodymium ions. It follows that the optimum value of
n, is greater than 1.6 - 10'® cm 3, at which value Eq. (14)
gives 4my" ~0.03.

Thus, it cannot be ruled out that the optimum values of
n, and T, can be substantially different from the values used
in the calculations, but it can apparently be assumed that
inversion can nevertheless be achieved and that the optimum
value of y” will turn out to be of the same order of magnitude
as in the ruby maser.”

6. From the thermodynamic and quantum-electronics
standpoint, the proposed maser scheme is a combination of a
spin refrigerator, in which microwave excitation is used to
create a gap between the temperatures of two quantum sub-
systems (the crystal lattice and the S spin system), and a
thermal paramagnetic maser,” in which a partial popula-
tion inversion is achieved on account of this temperature gap
(Fig. 2).

The actual maser part of this scheme there should exe-
cute a cyclic process like that described in Sec. 2.5 However,
unlike the case of Refs. 7-9, here it is possible, for T2 <0, to
have a quantum analog of the Carnot cycle between two heat
reservoirs having temperatures of opposite sign but finite
and minimally different absolute values. This circumstance
is of direct interest in connection with questions*** concern-
ing the fundamental analogy between masers and heat en-
gines. (Such a possibility has never before been realized in
any quantume-electronic device).

In classical masers and lasers with microwave or optical
pumping the exciting radiation performs two interrelated

He

N
N

FIG. 2. Idealized equivalent thermodynamic scheme of the '**Nd**
:172yp3+.168E 3+ . YES crystal maser. The arrows show the direction of
the main energy flows between the different quantum subsystems, which
are denoted as follows: He) liquid helium, L) crystal lattice, R) amplified
microwave radiation, A) spin system of working ions of species A, B)
system of polarized spins Sz, C) system of electron spins S¢, P) micro-
wave pump. The dashed arrows correspond to the case of a negative tem-
perature of spins Sp.

M. P. Vaisfel'd 744



functions, serving both as the means of creating the popula-
tion inversion and as the energy source sustaining the quan-
tum amplification. In the proposed scheme the exciting radi-
ation performs mainly just the first of these functions. For
T2 >0 the amplification is sustained solely by the energy of
the thermal phonons of the lattice, while for % < 0it is also
sustained partly at the expense of energy from the reservoir
of polarized spins S (see Fig. 2), but the latter contribution
is relatively small.

7. The compound YES is an extremely convenient ob-
ject for both theoretical constructions and experimental
studies, which can be done by the usual maser techniques®
with the adoption, where necessary, of suitable methods bor-
rowed from DPN.!%!3 Even so, since YES is crystal hydrate
it is of dubious practical interest. However, successful dem-
onstrations with this material, besides satisfying a purely
scientific interest, could stimulate a purposeful search for
new objects of a similar kind, having substantially better ma-
ser characteristics than ruby and rutile in frequency regions
with a mature technology® and/or being suitable for use in
the frequency region ~ 10'! Hz, where present-day maser
technology is poorly developed.

YDefinite possibilities for achieving cw operation are also being examined
in connection with theidea'! of using the principles of quantum electron-
ics to directly transform mechanical work into coherent microwave radi-
ation by rotating crystals such as *Co?*:Ce**:LaMN in a static mag-
netic field.

2A steady-state dynamic polarization of the spins of Ce** ions in the
crystal Co?*:Ce**:LaMN has been achieved experimentally through
microwave saturation of one of the cobalt hyperfine transitions with
m = +  under conditions of thermal contact between the nuclear spins
of Co*® and the spins of the Ce>* ions. On the strength of this it is natural
to suppose that a polarization of the spins S in systems of the type under
discussion can be achieved in an analogous way through the use of ions of
species C enriched with some odd isotope under conditions of simulta-
neous thermal contact between the spins S and the nuclear spins of the
A and C ions. Discussion of this case, which has a number of important
features, is beyond the scope of this paper.

3A suitable crystal for demonstrating this possibility might be
13N §3+,172yp3+,159Tph 3+ . YES, where '*°Tb>* is used as the C ion.

YA more suitable system for eliminating the undesirable factors of types
a—e is Sm3*:172Yb? +:2Nd>+.YES (with n, ~0.25 at.%, ny ~1 at. %,
nc~1at.%,and v <36 GHz), in which the role of the active centers is
played by '*’Sm>* or '°Sm** (Ref. 14). In this system the phonon
bottleneck effect should not be manifested in the spin--lattice relaxation
of the Cions (Nd3*), as far as one can tell from the experimental stud-
ies.’>2* The ESR lines of the Nd>* ions are considerably narrower?* than
in the case of Er>*. The small g factor of Sm*>* (gf.g¢ =0.6)'* practical-
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ly rules out cross relaxation of types d and ¢, but for this same reason y”
will be extremely small (this, however, is not very important for a first
demonstration).

S'In the refrigerator part of the scheme a second cyclic process is executed,
involving the spins S¢. This process (in the idealized version) includes
successive repetition of the steps: 1) absorption of a photon of energy
(8¢ + 85 ) from the microwave pump in a forbidden transition (involv-
ing a flip of spin S ); 2) an allowed relaxation transition with the trans-
fer of a quantum of energy & to the lattice; 3) exchange of a quantum of
energy 8 ~A /2 with the spin system of the working ions (absorption of
aquantum for T'2 > 0 or transfer of a quantum for T ¢ <0), accompanied
by the depolarizing flip of a spin S¢.
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